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ABSTRACT
Basic dykes at Kelly's Point, in southern New South 
Wales, intrude the gabbro-diorite-tonalite-granite complex 
of Moruya. There are two distinct chemical and petrographic 
types although both have similar structural settings and 
possibly time relationships. One set of dykes (called por- 
phyrites) have calc-alkaline affinities and are chemically 
similar to the granodioritic rocks of the Moruya Complex. 
Others are lamprophyric in that they contain amphibole and 
have been extensively autometamorphosed with the production 
of carbonates and actinolite, but they have chemical feat­
ures indicative of an alkaline basalt or hawaiite.
The lamprophyric dykes are composite. In places 
they are crowded with an unusual set of inclusions includ­
ing anorthosites, gabbroic anorthosites, spinel pyroxenites 
and large xenocrysts or megacrysts of kaersutitic pargasite,
almandine-rich garnet, plagioclase (near An ) and rareb U
biotite and iron-rich olivine. Inclusions of country rock 
are also present.
Chemical and mineralogical data suggest that most of 
the inclusions are the deep-seated crystallization products 
gf an alkaline basalt. The pyroxene (containing spinel),
(iv)
is an aluminous but low-Na variety of the type found by 
Green & Ringwood (1967) on the liquidus of similar alkali 
basalt compositions near lOkb. The abundant plagioclase is 
considered to have crystallized at higher levels (at about 
5kb) . Continued crystallization at moderately deep crustal 
levels caused the equilibrium water pressure to build up to 
a value where abundant amphibole could crystallize, which is 
in accord with the presence of abundant volatiles in the 
lamprophyres containing large amphiboles.
The separation of abundant volatiles including CO^ at 
deep levels in the crust probably caused the rapid intrusion 
of the fractionated magma so that inclusions could be 
carried up. Rapid near-surface chilling resulted in the 
preservation of inclusions and in the "sealing in" of 
volatiles that caused autometamorphism at the centres of the 
dykes.
A genetic relationship between the alkaline lampro­
phyres and the Moruya Complex is unlikely.
(V)
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1INTRODUCTION
Lamprophyric dykes showing intrusive relationships 
with ca1c-alka1ine granite-gabbro complexes pose a petro- 
genetic problem which has received little attention in 
recent years. Joplin (1966) , has suggested that many of 
these basic dykes are differentiates of shoshonitic magma, 
whilst others are derived from an alkali basalt magma type.
At Kelly's Point near Moruya on the south coast of 
New South Wales (Figure 1), lamprophyric dykes, some with 
calc-alkaline affinities and some with alkali basalt 
characteristics, cut gabbros, diorites, tonalites and aplite 
of the Moruya Complex (Brown, 1928, 1929). These dykes are
of special interest in that some contain an abundance of 
inclusions including anorthosite, anorthositic gabbros, 
spinel pyroxenites together with xenocrysts of garnet, 
amphibole, plagioclase and rare biotite and olivine. Brown 
(1928, 1929) was of the opinion that these dykes were lam-
prophyric but that they were much younger than the plutonic 
rocks of the region and were possibly related to the 
Tertiary basalt flows occurring 3km to the west.
Inclusions and xenocrysts in various types of igneous
rocks have been used to place limits on proposed models for
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3the genesis of the host magmas. Green & Ringwood (1967) 
have suggested that their experimental data indicate that 
clinopyroxene + olivine + spinel inclusions occurring in 
alkaline rocks (e.g. Taka-Sima, Japan), would be in equilib­
rium at about 9kb or depths of around 30km. Bultitude &
Green (1968) consider that the composition of similar inclus­
ions in nephelinite strengthen their contention that they 
originated from similar depths. Basic inclusions in granit­
ic rocks have been shown to be derived from near the base of 
the crust in continental areas (Chappell, 1966), and to have 
played an important role in the production of granite miner­
alogy as presently seen.
In this study, inclusions of rock and mineral frag­
ments have been examined in an effort to provide some 
indication of the conditions necessary for the formation of 
the lamprophyric alkaline dykes and also to ascertain whether 
there is any relationship between them and the calc-alkaline
rocks of the Moruya Complex.
4GEOLOGICAL RELATIONSHIPS
Regional
The Moruya Complex (Figure 2) , consisting of hornblende 
gabbro, diorite, tonalite, granodiorite and biotite adamell­
ite was emplaced in a folded and faulted series of early 
Palaeozoic sediments which had earlier undergone low-grade 
regional metamorphism to produce slates and phyllites. A 
contact aureole about 0.8km wide is produced along the con­
tacts with the intrusive bodies. Several dyke systems tran­
sect the major intrusions with the most prominent having a 
general east-west trend. Tertiary sands and basalts overlie 
the complex between Coila Lake and Congo Head (Figure 2).
Brown (1929) considered that the order of intrusion
was : -
1. Basic rocks, hornblende gabbro and 
"diorite-gabbro"
2. Tonalite and granodiorite
3. Biotite "granite"
4. Aplites
5. Hornblende quartz porphyrites
6. Various types of basic dykes.
Recent mapping confirms this order of intrusion
except that the large granodiorite body around Moruya 
appears to intrude the biotite adamellite. Brown (1929)
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6suggested that the complex was most likely intruded in late 
Devonian times. Richards (pers. comm. , 1969) obtained a K/Ar
age on a biotite from the granite of 379 ± 2 m.y.
The Moruya Complex is petrographic ally and chemically 
similar to the Southern California Batholith (Larsen, 1948). 
This is illustrated by the similarity of the K^O/SiO^ cor­
relation (Figure 3). The Hartley Co mplex (Joplin, 1931; 
Rhodes, 1969) contains a similar suite of rocks except that 
the K^O content is higher.
The rocks of the Moruya Complex thus constitute a 
typical calc-alkaline plutonic province.
Dykes of the region include aplites, hornblende quartz 
porphyrites, granite porphyries and lamprophyres. The acid 
dykes and porphyrites were considered by Brown (1929) to be 
Upper Palaeozoic in age but she was of the opinion that the 
lamprophyres were probably Cainozoic. Robertson's (1962) 
palaeomagnetic data indicate an older age, possibly Permian, 
for the main inc1 us ion-bearing, lamprophyric dyke, (KP 2) .
Lamprophyric dykes have a very restricted occurrence 
throughout the Moruya region. The major dyke type is horn­
blende quartz porphyrite (c.f. KP3 and KP5) .
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8Local Field Relationships
The relationship of the igneous rocks can be clearly 
established at Kelly's Point (Figure 4). Here a small body 
of hornblende-bearing gabbro is intruded by a much larger 
body of dioritic gabbro which is itself cut by tonalite. A 
large aplite dyke cuts the tonalite. A 10cm thick dyke of 
micro-tonalite has a N-S trend and transects the gabbro, 
diorite and tonalite but is also transected by the aplite 
dyke .
The five basic dykes at Kelly's Point (labelled KPl - 
KP5 on Figure 4), transect all other igneous rocks and are 
clearly the last to be emplaced. These dykes strike in the 
direction E 15° N which is consistent with the direction of 
major jointing in the plutonic rocks of the region (e.g. at 
Pollwambra M t , 5 miles north of Moruya; Brown, 1928) ,
although there are some small deviations along complementary 
joint directions at 45° to the major trend.
The dykes are of two distinct types, both chemically 
and petrographically. Three of them (KPl, KP2 and KP4) are 
lamprophyric and have a composite nature.
Dyke KPl is composed of two units (KP1A and KPlB), 
each having a slightly different chemistry and differing 
weathering characteristics. Furthermore, KPlA contains
abundant feldspar xenocrysts whereas KPlB only contains rare,
f- \ \ +
V
x
+ 't* 4
\ + + * t » \
0 0 0 E3 0 0
Figure 4 N.S.W. (ModifiedGeological Map of Kelly's Point 
after Brown, 1928).
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large inclusions. The two units are in contact over most of 
their length although occasionally, thin slivers of country 
rock may be found between them. Towards the seaward end of 
the dykes, unit KPlA transects KPlB (Figure 5).
The composite nature of dykes KP2 and KP4 is differ­
ent in that one portion occurs as pod-like masses within the 
main dyke. No chilled margin occurs between the 'pods' and 
the main dyke bodies, suggesting that the magma was intruded 
in pulses with only a short time interval between the 
intrusion of the different phases.
The composite nature of KP2 is difficult to see in 
the field but may be recognised by transecting vesicle 
trains and also by thin stringers up to 2cm across of very 
fine-grained material which transect the main dyke body just 
west of the main aplite dyke. These stringers are identical 
to the chilled margin of the main dyke body, containing lath 
and lozenge-shaped phenocrysts of plagioclase, chlorite- 
carbonate pseudomorphs and plagioclase xenocrysts. The 
stringers truncate crystals within the host rock which was 
obviously almost or completely crystalline before the new 
injection of magma. KP2 is the most spectacular of the 
dykes at Kelly's Point, containing abundant, large inclus­
ions of anorthosite, gabbroic anorthosite, spinel pyroxenite , 
garnets up to 3cm in diameter, large hornblende crystals up
11
Figure 5. Dyke KPlA cutting KPlB. Note the marked
'pot-hole' weathering of KPlB.
12
to 5cm long and meta-sediments. The inclusions are much 
more abundant in the 'pod* within the main dyke and in 
places are so closely packed that there is little space 
between them, the outcrop then having the appearance of an 
exotic and unusual conglomerate (Figure 6).
The major portion of dyke KP4 contains abundant feld­
spar xenocrysts which have their long axes parallel to the 
walls of the dyke. However, towards the seaward end of this 
dyke, the flow-structure is transected by a 'pod' of 
feldspar-free material which has trains of vesicles parallel 
to its rounded margin with the host rock (Figure 7).
13
Figure 6A. Sawn slab from KP2 showing abundant, closely 
packed large inclusions. Scale as in Figure 6 B .
Scale in cm
Figure 6B. Sketch of Figure 6A indicating the type of inclus­
ions. SP = spinel pyroxenite, Hb = kaersutitic pargasite,
G = garnet, 01 = olivine, C = composite inclusion. Crystals 
without labels are plagioclase. Most of the large inclusions 
are single crystals as shown by the spinel pyroxenite at top 
centre and amphibole at bottom centre.
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PETROGRAPHY AND PETROCHEMISTRY OF THE DYKES 
Analytical Methods
Major element (Si, A l , Ti,EFe, M n , Mg, Ca, K and P) 
and trace element (Rb, Sr, Y, Pb, Th, V, Ba, Ce, Pr, Nd, Cr, 
Ni , Cu, Zn and La) analyses have been carried out by X-ray 
spectroscopic techniques using the methods of Norrish & 
Chappell (1967) and Norrish & Hutton (1969). FeO was deter­
mined by titration and Na^O by flame photometry. U, Th and 
K were also determined by y-ray spectroscopy. H^O ' H2^+
and CO^ were measured according to the method of Riley & 
Williams (1959).
Porphyrite dykes KP3 and KP5
These are fine-grained, dark-grey rocks in which 
small crystals of plagioclase and small grains of sulphide 
can be seen with the naked eye. No large inclusions have 
been observed. Both dykes are remarkably fresh and are 
relatively more resistant to weathering than the other dykes 
and stand out above the country rocks.
Occasional plagioclase phenocrysts (generally 0.5mm)
are subhedral to euhedral and are often extensively altered
to aggregates of quartz, epidote, chlorite, carbonate and
sericite. In general they show simple carlsbad twinning but
sometimes have combined carlsbad/albite twins. Oscillatory
zoning is common and ranges from Ancc in the centre to An__5 5 3 2
16
and back to An ^ o n  the outside. They have a positive optic 
axial angle with 2Vy being as low as 30°.
Pseudomorphed amphibole phenocrysts (up to 2mm) are 
recognisable by their euhedral outlines but now consist of 
aggregates of chlorite, epidote, carbonate and a minor 
opaque phase»
Sub-rounded xenoliths of quartzite and xenocrysts of 
quartz are fairly common and show no reaction rim with the 
host rock .
The groundmass minerals average 0.2mm in size and 
consist of abundant plagioclase, biotite, carbonate, some 
interstitial quartz, granular epidote, rare apatite, 
magnetite, ilmenite, pyrite and some chalcopyrite. The
groundmass plagioclase is of two types. Both consist of 
subhedral to euhedral interlocking laths showing undulöse 
extinction and poorly defined multiple twinning. Both have 
a composition between An  ^ and An^^ according to extinction 
angles. The first type is normal andesine with 2Vy of about 
85° whereas the second type is abnormal in that it has a 2Vy 
of about 30°. Similar phenomena have been observed in other 
dykes from Kelly's Point and will be discussed more fully 
later.
The groundmass biotite (a = 3 = dark brown, y = pale
brown) is more abundant than chlorite and occurs as small
17
ragged flakes with slightly deformed cleavage traces. Chlor­
ite appears as small ragged green flakes with anomalous 
sepia brown birefringence. Minute grains of reddish-brown 
hornblende are extremely rare.
Quartz occurs interstitially in the groundmass and 
occasionally forms myrmekite-like intergrowths with 
?plagioc1as e .
Major and trace element analyses and CIPW norms are 
presented in Tables 1, 2, and 3.
Lamprophyric Dykes
These are the composite dykes KPl, KP2 and KP4. 
Analyses and CIPW norms are presented in Tables 1, 2, and 3.
KP1A and KPlB
These dykes are both about 15cm wide. KPlA is very 
dark in colour, slightly porphyritic away from the chilled 
margin and contains small phenocrysts of plagioclase and 
amphibole. Sulphides are scattered throughout and large 
plagioclase xenocrysts up to 2cm long with their long axes 
parallel to the dyke margins, are concentrated towards the 
centre. It has a smoothly rounded erosional surface. On 
the other hand KPlB is lighter grey, contains rare, large 
inclusions up to 5cm in diameter but no feldspar xenocrysts 
and has pronounced "pot-hole" weathering. The pot-holes are
18
TABLE 1
Analyses of the Kelly's Point dykes
KP 1A KP IB KP 2
average 
o f
serial
analyses
KP 3 KP 4 A KP4B
average 
o f
serial
analyses
KP 5
sio2 50.53 46.52 49.28 67.43 45.97 50.57 66.56
Ti02 1.65 1.66 1.86 0.52 1.81 1.59 0.52
A12°3 17.06 15.41 16.44 15.82 14.83 16.29 15.86
Fe2°3 1.43 1.00 1.99 0.68 1.81 1.81 0.59
FeO 6.41 7.42 7.72 2.93 7.42 6.66 3.20
MnO 0.14 0.15 0.16 0.22 0.14 0.13 0.22
MgO 6.86 7.40 5.88 1.11 8.59 4.58 1.21
CaO 6.26 8.22 7 . 58 4.01 9.90 6.74 4.01
Na2° 5 . 13 2.91 3.77 4 . 36 2.80 4.57 4.01
o
CM 1.14 1.93 1.68 1.30 1.52 1.89 1.36
P2°5 0.72 0.43 0.51 0.22 0.35 0.56 0.22
H20 + 1.92 2.33 1.30 1 . 17 1.97 1.43 1.04
H2°- 0.24 0.32 0.23 0.30 0.26 0.26 0 . 15
c ° 2 1.99 2.51 0.45 0.32 1.22 1.20 0.39
Total 101.48 98.21 98.85 100.39 98.59 98.28 99.34
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TABLE 2
Trace element abundances in the Ke 11y 's Point dykes
KP 1A KP 2 KP 3 KP 4 B KP 5
V 118 165 45 112 66
Cr 14 8 98 2 163 6
Ba 246 222 405 235 468
La 17 20 16 20 15
Ce 51 53 42 51 36
Pr 4 12 5 2 5
Nd 13 13 11 13 13
Ni 105 92 < 1 88 < 1
Cu 29 37 13 29 5
Zn 80 88 58 68 81
Rb 15 29 18 26 22
Sr 666 561 370 610 367
Y 2 1 25 15 26 16
Pb 8 8 7 6 7
Th 2 2 4 3 4
K 0.95 1.40 1.08 1.57 1.29
K/Rb 631 481 600 603 513
20
TABLE 3
C.I.P.W. Norms
K P1A KPlB KP 2 KP 3 KP4A KP4B KP 5
aver- aver-
a ge a ge
q - - - 25.39 - - 26.19
or 6.74 11.40 9.93 7 . 70 8.98 11.17 8.01
ab 40.11 23.37 31.89 36.88 18 . 33 37.98 33.92
n e 1.78 0.67 - - 2.90 0.37 -
an 20.16 23.29 22.98 18.61 23.41 18 . 36 18.47
c - - - 0.42 - - 1.02
'wo 2.78 6.24 4 . 85 - 9.87 4.92 -
di •en 1.76 3.78 2 . 72 - 6.39 2.73 -
l f s 0.84 2.12 1. 94 - 2.81 2.00 -
'en — - 2.15 2.77 _ _ 3.02
hy •
1 » - - 1.53 4.35 - - 4.94
o 1
f o 10.73 10.26 6.05 - 10.51 6.08 -
fa 5.63 6 . 34 4.76 - 5.09 4.90 -
il 3.13 3.15 3.55 0.99 3.44 3.02 0.98
mt 2.07 1.45 2.96 0.99 2.62 2.62 0.85
ap 1.57 0.94 1.16 0.47 0.77 1.22 0.48
rest 4.15 5 . 16 1.98 1. 79 3.45 2.89 1.58
Total 101.45 98.17 98.45 100.36 98.57 98.26 99.46
a characteristic feature of this dyke and are not the result 
of removal of inclusions: the differences in weathering
pattern of the two dykes can be correlated with differences 
in their chemistry.
KP1A contains abundant euhedral to subhedral crystals 
of reddish-brown hornblende (a = very pale brown; 3 = y = 
dark reddish-brown), which range up to 1mm by 0.06mm in size. 
The crystals are often twinned, cross-fractures are common 
and they frequently contain small granules of ilmenite. Some 
crystals show slight alteration to chlorite. This hornblende 
is rare in the chilled margin, indicating that crystalliz­
ation commenced after emplacement. In the chilled margin 
euhedral plagioclases A^ n 32-40^ are somet;*-mes slightly alter­
ed to sericitic aggregates but towards the centre of the 
dyke the abundant plagioclase laths are almost completely 
altered to aggregates of sericite and chlorite. Here most 
laths have a clear outer rim of albite. Clear albite, with 
vague twinning, undulöse extinction and a negative optic 
axial angle of 80°, is also interstitial. The presence of 
this albite away from the chilled margin suggests that auto­
metamorphism has taken place and suggests that the dykes 
were intruded very rapidly and sealed off from the country 
rocks quickly enough to prevent volatile phases being lost. 
The presence of albite reflects the high Na^O content of
22
5.13% which is the highest of any dyke analysed (Table 1).
Chlorite, with anomalous blue birefringence, occurs 
both interstitially and as aggregates (with sphene and 
epidote), having a shape suggesting an original feldspar. At 
the centre of the dyke these aggregates are much more round­
ed and may have hornblende and plagioclase arranged around 
them in tangential fashion.
Quartz is in disequilibrium with the host-rock at the 
chilled margin where it is enveloped by grains of hornblende, 
opaques and a very fine grained phy11osi1icate. However at 
the centre of the dyke, quartz may be either interstitial or 
in vesicles in association with carbonate and chlorite. In 
the vesicles the order of crystallization is:-
1. Green chlorite with anomalous blue birefringence
2. Quartz and olive-green chlorite with moderately 
high birefringence
3. Carbonate
The fact that the quartz is in disequilibrium at the 
chilled margin but occurs interstitially and in aggregates 
in the centre, lends support to the contention that original 
volatiles were retained within the dyke. KPlA contains 4.3% 
normative nepheline (Table 3),and quartz would not be in 
equilibrium in the early stages of crystallization. The 
disequilibrium quartz in the chilled margin presumably
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represents fragment s of country rock incorporated during em­
placement. However, the presence of quartz (with carbonate 
and chlorite) towards the centre suggests that they were 
formed from the original magma as a result of late stage 
volatile action. The total amount of anc* C°2
(4.15%) is evidence of the former presence of abundant 
volatiles in the magma. Furthermore, the coexistence of 
calcite and quartz in vesicles is indicative of high P^Q 
as well as subsolidus crystallization at relatively high 
temperature (Burnham, per s . comm. , 1970) . The freshness of
groundmass plagioclase (An ) and the absence of albite
in KPlB, contrast with that in KPlA. This plagioclase 
exhibits a marked flow structure at the chilled margin. 
Towards the centre of this dyke interstitial plagioclase 
has anomalously low 2Vy of about 40°.
For the first l^cm from the chilled margin, fresh 
plagioclase phenocrysts are accompanied by aggregates of 
quartz, carbonate, chlorite and ilmenite. The aggregate 
shapes suggest pseudomorphs of original feldspar? pheno­
crysts. Rounded vesicles of carbonate become larger and 
more abundant away from the chilled margin and may occasion­
ally be associated with quartz. Reddish-brown hornblende 
and abundant skeletal ilmenite and grains of pyrite make
their appearance.
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There is a subtle change l^cm from the chilled margin 
where pseudomorphed euhedral olivine? phenocrysts are now 
represented by aggregates of chlorite, colourless phlogopite 
or phengite and abundant opaque granules. The opaque gran­
ules are often arranged in rows or sub-concentric rings and 
are absent from the crystal margins where carbonate is 
usually concentrated. These features suggest that the 
original mineral was zoned. Another different feature is 
the presence of vesicles consisting of carbonate and quartz 
which sometimes enclose euhedral crystals of hornblende and 
plagioclase, suggesting that they were originally miarolitic 
cavities.
Accessory minerals consist of scattered ilmenite, 
pyrite and sphene. The relative abundance of carbonate in 
this dyke as compared to KPlA is presumably responsible for 
the "pot-hole" weathering and is reflected in the higher 
CaO content (Table 1). The absence of albite is consistent 
with the lower Na^O content.
Composite dyke KP2 
(a ) General
It is this dyke that contains the abundant, large 
(up to 10cm) inclusions of anorthosite, anorthositic gabbro, 
spinel pyroxenite, garnet, hornblende and feldspar.
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The matrix has a fine-grained, greenish-grey appear­
ance in hand specimen. The inclusion-bearing portion is 
about 17 metres long and its outlines may be traced by 
trains of vesicles. Alignment of feldspar phenocrysts is 
vertical at the seaward end of the pod and there is a dis­
tinct sorting of the inclusions. At the landward end, just 
east of the dyke's intersection of the aplite dyke, are the 
larger inclusions of anorthosite, spinel pyroxenite, very 
coarse hornblende anorthosite, diorite, quartz and rare 
garnet. About 7 metres seaward from this intersection 
there is a 2 metre portion where abundant garnets are 
associated with large hornblende crystals, spinel pyroxen­
ite, plagioclase and some sedimentary xenoliths. The number 
and size of the inclusions are smaller towards the seaward 
end of the pod and consist mainly of garnets.
The other portion of the dyke contains sporadic 
inclusions of country rock, some hornblende anorthosite, 
large pegmatitic patches up to 4cm long and pyrite octahedra 
in cavities.
(b) Inclusion bearing portion
Pyroxene phenocrysts are found only in the chilled 
margin of KP2 and in the pod KP4A. Occasional clots of 
crystal aggregates may be seen. The crystals making up the 
aggregates in KP2 together with some individual crystals,
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are colourless, have undulöse extinction and are up to 0.25 
mm long. They are sub-calcic augite with 2Vy about 30°. 
Other phenocrysts consist of euhedral lath- and lozenge­
shaped plagioclase crystals, their shape depending upon 
orientation in thin section. The lath-shaped individuals 
range up to 0.06mm x 0.5mm whilst the rhombic sections range 
up to 0.2mm x 0.5mm across the diagonals. Average interfac­
ial angles are 130° and 50° for the rhombic sections. Thin 
sections cut normal to the chilled margin show only plagio­
clase laths with a pronounced flow-structure parallel to 
the dyke margin, whereas sections cut parallel to the 
chilled margin have abundant rhomb-shaped sections, suggest­
ing that the plagioclases are very thin, rhomb-shaped 
crystals which crystallized before emplacement of the dyke, 
thus allowing the crystals to be oriented as thin plates 
parallel to the dyke walls during intrusion. Both orientat­
ions show slight oscillatory zoning. Simple twinning is 
more usual than multiple twinning.
Rhombic sections sometimes show re-entrant angles 
often coinciding with curvilinear extinction bands which 
either remain at or close to extinction during rotation of 
the microscope stage (Figure 8). Sections exhibiting this 
curvilinear extinction band are invariably cut normal to the 
acute bisectrix and in these sections there is a wide range
Figure 8. Plagioclase crystal from the chilled margin of 
KP2 showing re-entrant angles and curvilinear 
extinction band. A , B and C are the analysed 
points shown as analyses 9, 10 and 11 respective­
ly in Table 6. The arrow is the traverse used to 
analyse for zoning effect (see Figure 9). The 
crystal is 0.6mm long.
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in 2Vy from almost zero to about 70° (estimated), not only 
in different grains but also within the same grain. Further­
more, in these sections the orientation of the fast vibrat­
ion directions of the two illuminated areas on either side 
of the dark extinction band are at right angles to each 
other. This arrangement is suggestive of twinning and since 
the extinction band is relatively wide and diffuse along the 
edges, it is reasonable to suggest that the composition 
plane is inclined to the plane of the rhombic section. 
Another feature is that the illuminated areas have a 2Vy of 
about 70° whereas 2Vy in the extinction band may be as low 
as 0°. As the fast vibration directions in the two halves 
are at right angles to each other and as each part is join­
ed along an inclined composition plane, it is logical to 
assume that the lowering of 2Vy is due to the superposition 
of two plates of the same mineral with their optic axial 
planes normal to each other, causing interference and giving 
extremely low birefringence and very low 2Vy. Earlier work 
by Sugi (1940) and Axelrod & Grimaldi (1949) confirms this 
interpretation. Figure 9 is a diagrammatic representation 
of the formation of the curvilinear extinction bands and 
the lowering of 2V in the Kelly's Point plagioclase.
The low positive 2V at first suggested that the
plagioclase in question could be similar to the "anemousite
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2Vy~60° 2 V~ 0° 2Vy~60°
( c )
(a) Idealized section of rhombic plagioclase showing diffuse 
extinction bands, optic axial planes at right angles and 
the position of the isogyres.
(b) The same showing the relationship of the optic axial 
planes in the overlapping portion.
(c) Side view showing inclined composition plane and 2V in 
each part.
I
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of Washington & Wright (1910) from Linosa or the "potash- 
oligoclase" of Macdonald (1942) from Hawaii. Because of 
the small size of these crystals, they were analysed with 
an electron microprobe in order to establish whether there 
was a chemical difference between areas of high and low 2V 
and whether potassium could be the possible cause of the 
abnormality, as has been suggested by Macdonald (1942); 
Tomita (1933), or whether it could be the result of solid 
solution between alkali feldspar and carnegeite as suggest­
ed by Barth (1931) and Washington & Wright (1910). At the 
same time, new analyses of the Linosa feldspar (kindly 
provided by the Smithsonian Institute) and the Hawaiian 
types (kindly provided by Professor Macdonald) were under­
taken. The results of these analyses are presented in 
Table 4. Also included in Table 4 are analyses of similar 
plagioclases with small positive 2V from KP5 and a co­
existing plagioclase with normal negative 2V, together with 
analyses of abnormal plagioclase from KP2.
The electron microprobe analyses show that the An 
content of positive plagioclase from KP5 ranges from 
An^g g to A n ^   ^ whilst the coexisting negative plagioclase
has a composition of A n _.6 2.6
Analyses 9-11 in Table 4 are from various areas of 
the one crystal from KP2 which is shown in Figure 8.
3 1
CD
I— I
A
r d
Eh
M  (I) ß  »
O  I— I I— I 0  Em
S3 CD CD f i
- H  CO
3  2  J  ü  (Ö
P ß  CD
•h  ^  c  a  a )
CD CO O
CO C
cti u  l o  M L n
1— I W  1—1 0  o
O  6  CD
■ H  O i—I V
(CS MH CD - H  CO
co  - P  a s
S^c ^  > i  c  5
I < H  CD
ro >H ccJ -P CM
co  co  rtJ d e  I
• H  CD
I— I I— I O  - H  CD
CCS H  - P  CO
CO C  CFc CCS >1
- H  f3 j r H  Sc 1— I
i H  LD  - p  CD ecS
fd l CD * H  Cd * H
CO Sh
CO 1—t
CD Ü  t a  O  PQ
CO o
co -H S3 £  Ti
H  tji o  o  c
U <T3 -P TD fö
•rH f t  C  - r l  Oin  H  mr-l ö  ao
<—I >  CO
>  - H - P  CO
CM CO ß  CO CO
O  O  >1 CÖ
£  O c  Sh r H  U
CD -rH
SH £  CO
•H CD <C
L n  S3 > 1  O  i n
i—l * H  1— I Sh  c n
I D  (Ö f t O
H  CO £3 O
■ H  (Ö S c O
CO X
CD CD
CO O
>1 o
m  s3 Sh
ui ö  cn o  scO  +  I
<N o  o  o S3 >  H  Sh p■a a u< < o
•H H  <D
H  < tu -p o
32
Analysis 9 is on the outside at the point marked A and is 
more calcic than the centre (Point B and analysis 10). 
Analysis 11 is at Point C. 2Vy for the dark extinction 
band is almost 0° whereas it is about 70° for the remainder 
with the exception of the centre (Point B ) . All the 
analysed points have less than 0.05% SrO and BaO whereas 
the centre has 0.13% SrO. Analytical traverses were 
carried out where shown to determine chemical zonation. 
Compositions are fairly uniform; there are only slight 
zoning effects which are themselves oscillatory. Chart 
scan speed was 96y/minute and an examination of the chart 
indicates that the various zones are of the order of 14.5y 
in width.
Four other crystals were analysed from the chilled 
margin of KP2. Two were identical to analysis 9 (Table 4) , 
one was zoned from analysis 9 in the centre to analysis 10 
at the edge (i.e. opposite in arrangement to the crystal 
already described) and the other had a composition as shown 
in analysis 11.
The important feature brought out by the analyses is 
the close compositional similarity between areas with 2Vy 
close to 0° and those with 2Vy about 70°, indicating that 
the large variation in 2V is not due to a compositional 
effect. Furthermore, the two crystals which have reversed
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compositions at centre and edge, both have a 2Vy of close 
to 0° at the centre. Both contained about 0.12% SrO at the 
centre but it is not considered that this is sufficient to 
cause the large variation in 2V.
The positive plagioclases range from calcic labrador- 
ite (An^._ _) to sodic andesine (An, . __) . The range in the
orthoclase component is from 0.56% to 4.60%. Thus the 
positive optical properties shown by these plagioclases are 
not dependant on composition. Furthermore, they occur in 
both nephe1ine-normative dykes (KP2) and quartz-normative 
types (KP5), (Table 3).
A positive optic sign for plagioclase has become
accepted as typical of high temperature plagioclases with a
composition ranging from An to An (Muir, 1955; Smith,4 0 oU
1956). Supporting evidence that the positive Kelly's Point 
plagioclases are high temperature varieties is provided by 
the following facts.
1. Their occurrence as well formed crystals in a 
glassy groundmass.
2. Their presence as rounded microphenocrysts in 
completely crystallized dykes but with a slightly larger 
size than the coexisting groundmass minerals.
3. The coexistence of plagioclases with both normal 
and abnormal optical properties, but with similar chemistry
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(Table 4, Analyses 15 and 16). These two individuals occur 
within 0.1mm of each other in the same thin section although 
the positive plagioclase is the larger. Furthermore, the 
normal plagioclase is slightly more sodic than its positive 
counterpart, suggesting that it may have crystallized later 
at a slightly lower temperature.
4. The presence of exsolved opaque rodlets in these 
feldspars which was found impossible to remove completely by 
the original analysts (Washington & Wright, 1910; Ernst & 
Nieland, 1934), is indicative of a high temperature of 
formation according to Buddington & Lindsley (1964) and 
Lindsley (1962), who have shown that very high temperatures 
are necessary before even a few tenths of a percent of iron 
can be incorporated in the feldspar lattice.
The presence of optically positive plagioclase 
appears to be restricted to volcanic or subvolcanic basaltic 
rocks (sensu lato), ranging in composition from alkaline to 
tholeiitic. It is the first plagioclase phase to crystal­
lize and is the highest temperature form. It is likely that 
a reduction of only a few degrees in temperature produces 
plagioclases with normal optics.
The occurrence of positive plagioclase is not rare.
It may be that the paucity of recorded occurrences is due
to the fact that plagioclase composition in thin section is
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usually ascertained by measuring extinction angles and re­
fractive indices without an evaluation of 2V or sign. An 
examination of rocks from various parts of the world rang­
ing in composition from alkaline olivine basalt to tholeiite 
has revealed the presence of plagioclase with positive 2V 
and anomalously low optic axial angles and a list of some of 
these is presented in Table 5.
From the analytical data it appears that the chemical
nature of the host rock is not a factor involved in the
production of positive plagioclase as long as a plagioclase
within the range A n .. _ to An., . can be formed. Further­ed . 5 3 4.0
more, the occurrence of this feldspar as microphenocrysts 
in a glassy groundmass and as resorbed phenocrysts in 
association with normal plagioclase of similar composition, 
suggests that the positive nature is due to high temperature 
of formation within a restricted composition range.
Anomalously low optic axial angles in obviously 
twinned plagioclase is due to superposition of suitably 
oriented crystal plates. As Macdonald (1942) pointed out, 
superposition is not obvious in positive plagioclase from 
holocrystalline rocks although the feldspar in question does 
have marked undulöse extinction normal to the acute bi­
sectrix which alone serves to distinguish it from normal 
plagioclase. Neither rock composition, carnegeite solid
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solution nor high potassium contents are responsible for 
optically anomalous plagioclases.
TABLE 5
List of some thin sections in the collection of the Geology 
Department, Australian National University, containing 
positive plagioclase with anomalously low 2V . Slide num­
bers refer to the A.N.U. slide catalogue number.
Slide N o . Rock Type Locality
765 Alkaline olive basalt with SE face of Mt Dasher,
glassy matrix New Zealand.
947 Olivine basalt Makapu, East Oahu, 
H awaii.
1270 Alkaline olivine basalt Armidale, N.S.W.
1334 Ferro-basalt 'P' series, Oshima 
Island, Japan.
1335 Tholeiite I I  II  I I  II
1336 Tholeiite II  I I  l l  II
1339 Tho 1 e i i te I I  I I  I I  II
1340 Tholeiite 1950 lava, "
1341 Tho1eiite 'P' series "
1678 Alkaline basalt Berridale, N.S.W.
1679 Alkaline olivine basalt II  II
2470 Porphyritic basalt Nandewar Vo1cano,N .S .W .
247 5 I I  l l I I  I I  II
2497 Olivine basalt I I  I I  l l
2897 Alkaline basalt Peak Range, Queensland.
3053 II  I t Blue Point, St Helena.
3061 Olivine basalt Jamestown, St Helena.
3068 Slaggy olivine basalt Ladder Hill,St. Helena.
3093 Scoriaceous basalt Ponto do Pargo,Madeira.
3099 Olivine basalt Seixal, Madeira.
3116 Alkaline olivine basalt Mt Testeina,Lanzarote.
3124 Trachybasalt with inclusions
of vesicular basalt Icor, Teneriffe.
3150 Olivine basalt Dark Slope Crater, 
Ascension Is.
3151 Glassy olivine basalt II  II  II
3155 Pigeonite basalt Runaway Beach,Tristan 
da Cunha.
3359 Olivine tholeiite 
(Salem type basalt)
Mull, Scotland.
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Dyke KP2 also contains xenocrysts of euhedral green 
spinel, c1inopyroxene , plagioclase and quartz together with 
quartzite xenoliths.
The spinel xenocrysts are rare and up to 2mm in size. 
They are slightly altered around the edges to diaspore (2Vy 
about 85 , colourless, length fast, v > r, high birefringence
and high R.I.). Similar alteration of spinel to diaspore 
has been recorded by Struwe (1958) . Accompanying the dia­
spore are small granules of an opaque phase (Pmagnetite).
The following reaction could account for the format­
ion of diaspore during autometamorphism:-
6FeO.Al 2 ® 2 + 6h2° + ° 2 ---- > 12AlO(OH) + 2Fe304
(Hercynite) (Diaspore) (Magnetite)
The spinel xenocrysts are also surrounded by a thin veneer 
of plagioclase microcrystals which serves to isolate them 
from the groundmass material.
Another rare type of xenocryst consists of slightly 
corroded individuals of c1inopyroxene which sometimes contain 
completely altered crystals of olivine. These clinopyroxen- 
es have a small alteration rim of opaque granules and 
plagioclase laths, the whole being surrounded by a glassy 
mantle. Although very rare, their general appearance 
suggests that they are similar to the pyroxenes from the 
spinel pyroxenite inclusions which will be described in
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detail later. The occasional presence of altered olivine 
crystals within some of the c1inopyroxene xenocrysts 
suggests that this type of xenocryst may have originated 
from olivine + clinopyroxene + spinel inclusions described 
more fully below.
Olivine is extremely rare in the Kelly's Point dykes, 
having been found on only two occasions in the chilled mar­
gin of KP2 and twice in the centre where the abundant large 
inclusions occur. In each case they are extensively alter­
ed, having a thick border of magnetite (Figure 6).
Rounded and corroded xenocrysts of plagioclase up to 
1mm long may have incomplete overgrowths of a later plagio­
clase outside the alteration zone. Otherwise this mineral 
is completely fresh.
Aggregates, with relict euhedral outlines, consist 
of colourless phlogopite, actinolite and opaque granules 
together with a little chlorite. These aggregates are 
similar to those described from KPlA.
Rounded quartz xenocrysts and quartzite xenoliths 
are fairly common and are consistently enveloped by a re­
action rim of actinolite. Carbonate may occasionally 
accompany the quartz, appearing to occupy original fractures
in the quartz.
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The extremely fine-grained groundmass is composed of 
an aggregate of plagioclase microlites, pyroxene granules, 
dusty ilmenite and some pyrite. Only slightly further away 
from the chilled margin, the groundmass is coarser with 
individual minerals now being identifiable. Lozenge-shaped 
plagioclase is absent and the subcalcic augite has rounded 
outlines and is less plentiful. Flakes of biotite are much 
more abundant and occasional microcrystals of reddish horn­
blende make their appearance. In hand specimen it was 
noticed that trains of 'vesicles' were present at 6cm and 
11cm from the margin which might suggest separate magma 
pulses. The portion between the chilled margin and the 
first set of vesicles is non-porphyritic whereas after 11cm 
fairly abundant feldspar phenocrysts occur. For these 
reasons serial major element analyses were carried out at 
specific distances from the chilled margin to the centre of 
KP2 to ascertain whether any chemical change occurred. Data 
presented in Table 6 indicate that there is no essential 
change in chemistry.
Thin sections showed that the 'vesicle' trains are 
rounded to subrounded pegmatitic patches which are comparable 
to the ocelli which are frequently described in lamprophyres 
(e.g. Vincent, 1953; Ramsay, 1955; Elders & Rucklidge, 1969).
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These pegmatitic patches consist of a plexus of interlock­
ing albite crystals which have a slightly cloudy appearance 
in comparison with the groundmass plagioclase. The crystals 
range up to 0.2mm in size whereas the average groundmass 
size is less than 0.1mm. They have a tendency for their 
long axes to be oriented at right angles to the margins of 
the ocelli in a manner analagous to pegmatitic crystalliz­
ation. Individual pegmatitic patches range up to 0.7mm in 
size. Occasional brown biotite flakes and actinolite 
needles may accompany the albite.
The fact that the enclosing groundmass material has 
a tangential arrangement and not a fluidal relationship to 
the pegmatitic patches and the fact that the groundmass 
crystals often project into these areas, suggests that they 
were formed during consolidation of the host-rock. Further­
more, the presence of groundmass crystals projecting into 
these patches indicate that they were originally miarolitic 
cavities.
Mackenzie & White (1970), when considering "pegmatit­
ic droplets" of phonolite in basanite, suggest that basanite 
crystallizing at or near the surface produces a volatile- 
and alkali-rich residuum. The separation of volatiles from 
this residuum to form vesicles does not raise the solidus
of the melt enough to cause complete crystallization so that
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some of the alkali-rich residuum can be incorporated in the 
cavities .
A similar process may have operated to form the peg- 
matitic patches in KP2, but the problem remains to explain 
how these patches have become arranged in trains or rows 
parallel to the dyke margins. Perhaps 6cm from the chilled 
margin is just far enough to allow some separation of a gas 
phase before solidification. The presence of these patches 
at 11cm may then be explained by a second magma pulse not 
long after the first intrusion (no chilled margin is present 
between the two). However, at 11cm the pegmatitic patches 
also contain reddish-brown amphibole crystals as well as 
biotite and often have actinolite and carbonate towards 
their centres. As no hornblende is observed at the chilled 
margin or in the pegmatitic patches close to it, it seems 
likely that this portion of the dyke solidified before 
amphibole had a chance to form. At the same time, with 
relatively slower cooling towards the centre, hornblende 
was able to form and continued to grow after the major 
portion of the dyke had crystallized, as is shown by their 
presence within the miarolitic cavities. Within these 
cavities the hornblende has a euhedral form and obviously 
crystallized before other minerals of the pegmatitic
patches.
In the centre of this dyke, quartz and plagioclase 
have a similar relationship to the host rock as in the 
chilled margin. Hornblende is absent, its place being taken 
by actinolitic hornblende with a = pale olive green, 3 =
pale yellow green, y =  almost colourless. Actinolitic horn­
blende occurs as irregular and ragged grains usually con­
taining dusty opaque granules. Single individuals are rare 
and it more commonly occurs as aggregates. There are thus 
two types of actinolite in this dyke. The first is as kely- 
phytic rims around quartz and quartzite and the second as a 
replacement product of primary hornblende and perhaps pyrox­
ene. Both are late phases; the kelyphitic rims are due to 
disequilibrium between quartz and the host magma and the 
other actinolitic amphibole is formed from pyroxene or 
amphibole by autometamorphism.
A satellite or feeder dyke to KP2 is between 2cm and 
5cm wide and is similar in all respects to the main dyke 
about 11cm from its chilled margin and probably represents 
the second magma pulse.
Towards the centre of the satellite dyke there are 
abundant pegmatitic ocelli up to 2mm in diameter which con­
sist of coarse (up to 0.5mm) aggregates of cloudy albite, 
some euhedral reddish-brown hornblende, acicular apatite 
and some chlorite. Biotite is sometimes present. Carbonate
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sometimes occurs at the centre of these aggregates and is 
then often accompanied by felted actinolite. Xenocrysts of 
rounded and resorbed plagioclase with secondary rims and of 
pale pink garnet with well developed kelyphitic rims are 
enclosed in a matrix of plagioclase laths, actinolite, some 
hornblende, ilmenite granules and some pyrite. No pyroxene 
is present. The fact that the satellite dyke is holo- 
crystalline despite being only between 2 and 5cm thick, 
suggests that it was formed as a result of a breach of the 
wall of the main dyke during injection of the second magma 
pulse, with the constituent minerals having formed within 
the main dyke body. The absence of a glassy phase further 
suggests that the country rock (tonalite) was warm enough at 
this stage to prevent instant chilling of the satellite.
Composite dyke KP4
This is composed of two portions, with KP4A occurring 
as a pod within the main dyke body KP4B, (Figure 7).
In hand specimen KP4B is a dark grey, fine-grained 
rock with feldspar phenocrysts having their long axes 
aligned parallel to the dyke margins and containing sulphid­
es visible to the naked eye. Serial analyses from chilled 
margin to centre are given in Table 6.
Rare pale pink garnets have pronounced kelyphitic
rims and are partly altered to corundum, magnetite, some 
brown and green biotite together with rarer plagioclase, 
chlorite and colourless phlogopite. Groundmass minerals 
are arranged in a tangential manner around rounded and 
corroded bytownite xenocrysts (extinction angle on twin 
lamellae 41°). Extensively altered reddish-brown hornblende 
xenocrysts are extremely rare.
Pegmatitic patches are up to 4mm in size and are 
similar to those occurring in KPlB and KP2, consisting of 
cloudy albite aggregates with later quartz, carbonate and 
chlorite towards the centre of the ocelli. Euhedral 
reddish-brown amphibole crystals are scattered throughout 
the ocelli in a similar manner to that previously described.
In the groundmass, prismatic crystals of reddish- 
brown amphibole are abundant. Plagioclase laths are usually 
completely altered to sericitic aggregates although there is 
also an unaltered, interstitial alkali feldspar. These 
minerals are accompanied by accessory brownish-green 
biotite, interstitial quartz, apatite, carbonate and 
chlorite. Pyrite, chalcopyrite, ilmenite and rare sphene 
complete the assemblage.
KP4A occurs as a pod transecting the main dyke body 
(Figure 7). It is much coarser (average grain size 0.8mm)
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than the enclosing dyke and has a doleritic appearance. Rare 
plagioclase phenocrysts may be seen and the pod has "pot­
holes" (up to 1cm) on its erosional surface. Trains of 
vesicles are parallel to the curved margin of the pod. An 
analysis is presented in Table 1.
KP4A contains the only other occurrence of pyroxene 
phenocrysts in the Kelly's Point dykes. It is usually 
enclosed poikilitically by reddish-brown hornblende but may 
occur as discreet crystals or as cores to single hornblendes. 
The pyroxene has optical properties (2vy 20°-30°; r > v 
strong) which are similar to the sub-calcic augite in the 
chilled margin of KP2. It is colourless and may sometimes 
contain a scattered opaque phase. Some crystals are twinned 
and they sometimes occur in aggregates. One large (2mm) 
clinopyroxene has similar optical properties but is slightly 
rounded and altered to hornblende around the edges and along 
cleavages. It is slightly zoned around the margins and is 
probably xenocrystic.
The reddish-brown hornblende in KP4A has similar 
optical properties to those displayed by hornblendes in 
other Kelly’s Point dykes. When poikilitic, this mineral 
encloses both pyroxene and plagioclase. It is itself 
slightly altered to actinolite and occasionally brown 
biotite. Euhedral but completely pseudomorphed individuals
of original ?plagioclase are up to 3mm long. They now con­
sist of aggregates similar to those described in KPlB except 
that opaque accessories are rare.
The groundmass consists of a similar hornblende
accompanied by slightly sericitized plagioclase with multiple
twinning and a composition of An.n These minerals have5 0-55
a sub-ophitic relationship and are accompanied by some green 
and brown biotite which may sometimes enclose ilmenite 
grains, together with some chlorite, apatite, dusty opaques 
and rare muscovite. Interstial carbonate may be up to 1mm 
in size and envelops euhedral projections of hornblende, 
suggesting as in KPlB that it is occupying original miarol- 
itic cavities. Interstitial plagioclase also occurs and has 
a slightly more cloudy appearance than the plagioclase laths 
in the groundmass. It is probably albite.
Chemically (Table 1), this rock is similar to the 
other lamprophyres but texturally it resembles a dolerite.
Summary of Dyke Chemistry
Porphyrites (KP3 and KP5)
Analyses of the Kelly's Point porphyrites are compar­
ed with Nockolds' (1954) average tonalite, Johannsen's (1932) 
average porphyrite and a typical calc-alkaline dacite from 
Bougainville (Taylor e t al. , 1969) in Table 7. They are
TABLE 7
Comparison between porphyrites KP 3 and KP 5 from Kelly's 
Point with the average tonalite of Nockolds (1954), (1); the
average porphyrite of Johannsen (1932), (2); and a dacite
from Bougainville (Taylor,et al. 1969), (3).
KP 3 KP 5 1 2 3
Si°2 67.43 66.56 66.15 56.56 65.1
Ti02 0.52 0.52 0.62 0.07 0.51
A12°3 15.82 15.86 15.56 15.85 16.5
Fe2°3 0.68 0.59 1.36 2.26 3.20
FeO 2.93 3.20 3.42 2.03 0.98
MnO 0.22 0.22 0.08 0.04 -
MgO 1.11 1.21 1.94 1.73 1.48
CaO 4.01 4.01 4.65 3.23 4.75
Na20 4.36 4.01 3.90 3.97 4.60
K 2° 1.30 1.36 1.42 2.24 2.05
P2°5 0.22 0.22 6.21 0.06
N
h 2°+ 1.17 1.04 0.69 0.40
H2°~ 0.30 0.15 - f 1.94 -
C0„ 0.32 0.392
Total 100.39 99.34 100.00 99.98 99.57
chemically similar to typical calc-alkaline rocks as well 
as to the average porphyrite. From the data of Brown (1928) 
and the new data presented here, the porphyrites are similar 
in chemistry to the granodiorites of the region except that 
alkalies are higher by about 2% in the granodiorites.
Light rare earths and yttrium abundances are also 
identical to the typical dacite from Bougainville (Taylor 
et al♦ , 1969) . The ferromagnesian trace elements Cr, V and
Ni are also identical; the characteristic calc-alkaline 
feature of low Ni but high V/Ni ratio is shown by the 
Kelly's Point porphyrites.
The potassium-type trace elements Sr and Rb are both 
lower by a factor of two, and the K/Rb ratio is higher, 
compared with the Bougainville dacite: these features may
be characteristic of the whole Moruya region which is a 
low-potassium province.
It is inferred from the chemical data that the 
porphyrites are genetically related to the calc-alkaline 
rocks of the Moruya Complex.
Lamprophyric dykes (KPl, KP2 and KP4)
These rocks have chemical features characteristic of 
hawaiites and alkali basalts (see Table 8 for comparison) 
except that Al^O^ is high. MgO is even lower than the 
typical hawaiite but Na^O lies between typical alkali
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TABLE 8
Comparison of the major element chemistry of the inclusion­
bearing lamprophyric dyke (KP2) with typical alkali basalts 
and haw aiite s .
1 2 3
sio2 49.28 46.53 48.67
Ti02 1.86 2.28 2.28
A12°3 16.44 14.31 15.91
Fe2°3 1.99 3.16 3 . 24
FeO 7 . 72 9.81 7.13
MnO 0.16 0.18 0.15
MgO 5.88 9.54 7.72
CaO 8.58 10.32 8.02
Na20 3.77 2.85 4.26
k 2° 1.68 0.84 1.28
P2°5 0.51 0.28 0.62
H 20 + 1 .30 0.08 1 .06
1o
CM
as 0.23 - -
C02 0.45 - -
Total 98.85 100.18 100.34
1. Average of serial analyses of dyke KP2.
2. Typical alkali basalt, Hualalai, Hawaii (Yoder & Tilley,
1962) .
3. Typical hawaiite, Hawaii. (Macdonald & Katsura, 1964).
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basalt and hawaiite. They have high total alkali/silica 
ratios and this gives rise to normative nepheline. The rare- 
earth element abundances, although resembling those of the 
porphyrites, are actually very high for a rock with basaltic 
SiO^ content: this is characteristic of alkali basalts.
Their high Cu content compared with the porphyrites is 
typical of basaltic rocks when compared with intermediate 
rocks. High Ni and low V/Ni ratios are in direct contrast 
to the high-Al basalts or gabbros of the calc-alkaline 
association (Taylor et a1 ♦ , 1969) .
The K/Rb ratio is high, but similar high ratios have 
been reported in alkali basalts and hawaiites from Hawaii 
(Lessing et al., 1963) and from the Nandewars (Abbott, 1967)
The chemistry of the lamprophyric dykes is thus 
distinctly different from the porphyrites. Chemically they 
are hawaiites or alkali basalts.
These chemical characteristics pose a problem of 
nomenclature because, on mineralogical grounds, these dykes 
show many features typical of lamprophyres. According to 
Joplin (1966), Turner & Verhoogen (1960) and Wi11iams,Turner 
Sc Gilbert (1954) , these features include:- 1. their 
occurrence as late, narrow dyke swarms in a plutonic complex 
2. the presence of abundant euhedral to subhedral amphibole
microphenocrysts, 3. the presence of abundant carbonates
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and sulphides, 4. the occurrence of ocelli containing car­
bonate, albite, brown hornblende and chlorite, 5. the high 
volatile content resulting in widespread deuteric alteration 
of the early crystalline phases to chlorite, epidote and 
magnetite.
Joplin (1966) also points out that lamprophyres grade 
into porphyrites with an increase in feldspar content and 
that the two rock types are often associated in the field.
To avoid confusion with alkali basalts containing 
more normal suites of inclusions or megacrysts and to 
emphasize their mineral peculiarities they are referred to 
here as lamprophyres or alkaline lamprophyres.
5 3
INCLUSIONS
Methods of Sampling and Preparation for Chemical Study
Inclusions ranging from about 1cm to about 10cm are 
randomly scattered throug hout the host rock. All of the 
composite inclusions are rounded or partly rounded except 
for some m e t a - s e d i m e n t a r y  types, whereas large single 
crystals (amphibole and pyroxene) are mostly angular c l e a v ­
age pieces (Figure 6). Because of the large size range and 
h a p ha zard distribution, bulk samples were cut into slabs 
about 1cm thick or even thicker where larger inclusions were 
present. This revealed smaller inclusions not visible in 
hand specimen. For ease in h a n d l i n g  and p r e p a r a t i o n ,i n d i v i d ­
ual inclusions were cored with a 27mm diameter diamond- 
impr eg nated coring bit so that m atrix-free cores were 
obtained. The cores were then treated with dilute HCl or 
ground on glass plates with c a r b o r u n d u m  powder to remove any 
iron contamination from the coring bit or saw. Large thin 
sections (75mm x 50mm) were prepa r e d  of the coarser samples 
to provide as many o r i e n tations as possible of the c o n s t i t ­
uent minerals. Polished thin sections were pr e p a r e d  where 
neces sary for the identi f i c a t i o n  of opaque phases. I n d i v i d ­
ual minerals from the coarser inclusions were separated 
using a Cook isodynamic separator followed by heavy liquids 
inclu ding Clerici's solution. Final p u r i f i c a t i o n  was
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achieved by hand picking.
Country rock and metasedimentary inclusions
Inclusions of dioritic gabbro and tonalite have the 
same mineralogy as the country rocks and have obviously 
been incorporated at a high level from the plutonic rocks 
of the region.
Quartz and quartzite inclusions have a subangular 
outline with the quartz being invariably mantled by a mat 
of actinolite needles. Large inclusions of white quartz 
up to 8cm across in KP2 are similar in size and shape to 
those enclosed in the diorite xenoliths within the tonalite 
and have obviously been derived from this source. Figures 
10A and 10B show the age relationship between the rock 
types: a large quartz inclusion is contained within a
diorite xenolith in the tonalite and the diorite and ton­
alite are both cut by an aplitic vein which is itself 
transected by a stringer of the dyke material.
Plagioclase-rich rocks (anorthosites)
These inclusions are not very abundant and the larg­
est representative (KPI-6)is about 10cm in diameter. It 
consists of coarse plagioclase crystals up to 1cm long 
together with some scattered interstitial reddish brown
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Figure 10A. Relationship between the rock types at Kelly's 
Point .
Figure 10B. Sketch of Figure 10A. 1 - Quartz xenolith
with biotite selvedge in diorite; 2 = Diorite xenolith in 
tonalite; 3 = Tonalite; 4 = Aplite dyke; 5 = Lamprophyric
dyke .
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amphibole, discreet grains of both magnetite and ilmenite
with the ilmenite showing fine twinning on (111), and some
pyrite. The plagioclases have sutured boundaries, bent
albite and pericline twin lamellae and fractured margins.
Extinction angles on twin lamellae indicate compositions
ranging from Anr to An __. Euhedral crystals of corundum 50 55
up to 1mm long occur at the junction of some plagioclase 
crystals. The amphibole contains abundant minute granules 
and skeletal crystals of finely twinned ilmenite which are 
concentrated towards the centre, the margins being clear.
An analysis and norm of KPI-6 is presented in Table 9.
All of the petrographic features of this rock, 
particularly the patchy distribution of interstitial ferro- 
magnesian minerals are identical to that of a typical 
anorthosite (e.g. Philpotts, 1966; Hargraves, 1962; Kranck, 
1961), except that the ferromagnesian phase is amphibole 
rather than pyroxene.
Two small anorthosite inclusions (KPI-40, KPI-60), 
although extremely weathered, are of importance in that they 
contain pink garnet crystals up to 1cm in size with pro­
nounced kelyphitic rims.
KPI-40 is not disrupted by the host magma and here 
the kelyphitic rims consist of chlorite with anomalous brown 
birefringence and plagioclase laths which are now mostly
TABLE 9
Chemical analysis and C.I.P.W. norm of anorthosite inclusion
KP I - 6
Analysis C.I.P.W. Norm
Si02 53.39 Ap 0.109
Ti02 0.54 11 1.026
A12°3 25.99 Or 3.367
Fe 2 0 3 0.24 Ab 42.152
FeO 1.82 An 45.626
MnO 0.02 Ne 1.268
MgO 0.77 Mt 0.348
CaO 9.81 'Wo 1.128
Na2° 5.26 Di< En 0.511
K 2° 0.57 F S 0.610
P 0 2 5 0.05
01'
Fo 0.985
H 2° + 0.73 Fa 1.296
1o
CM 0.19 rest 1.490
C°2 0.57
TOTAL 99.95 99.916
replaced by aggregates of colourless mica. However, KPI-60
has been partially disrupted by the host magma, particularly
along the sites of the kelyphitic rims and the chlorite and 
plagioclase are accompanied by abundant greenish-brown
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biotite and abundant magnetite, features which are typical 
of the kelyphitic rims of garnet xenocrysts (see below).
The plagioclase of both KPI40 and KPI60 has sutured 
boundaries and is partly altered to sericite and phlogopite 
around the crystal margins. KPI-40 contains only rare 
euhedral corundum crystals whereas KPI-60 contains more abund 
ant rounded individuals which usually occur at grain boundar 
ies .
The most altered type (KPI-40) has plagioclase with a 
composition of An.. . _ whilst the less altered KPI-60 has aj-iU
plagioclase composition of An^,_
Amphibole + plagioclase rocks
The most abundant whole-rock inclusions consist of 
amphibole + plagioclase and differ from the anorthosites in 
the predominance of amphibole over plagioclase. However, 
there are all gradations from hornblendites through to 
amphibole-bearing anorthosites.
A link between the two types is provided by one in­
clusion (Figure 11), in which one part is pi agioc1ase-rich 
and the other amphibole-rich. Some of these inclusions also 
show poorly defined banding (Figure 12) consisting of coarse 
amphibole and plagioclase layers. Variation in grainsize 
covers a wide range in these types. Some contain amphibole
5 9
Figure 11. Banded inclusion from KP2 consisting of a
plagioclase-rich portion and an amphibole-rich 
port i o n .
Figure 12. Poorly defined banding of coarse amphibole and 
plagioclase in an inclusion from K P 2.
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crystals up to 5cm long and plagioclase up to 3cm, whereas 
others contain equigranular plagioclase and amphibole about 
Hscm in the largest dimension.
A typical representative of this type (KPI-lO) is 8cm 
in diameter. An analysis and norm are presented in Tables 
10 and 11). The euhedral amphibole crystals are up to 2cm 
long and plagioclase (An^Q) is interstitial with very well 
developed pericline and albite twinning. The plagioclase 
occasionally contains subhedralcorundum crystals up to 0.8mm 
long .
The contacts between plagioclase and amphibole are 
marked by a continuous, narrow fracture zone in the plagio­
clase which shows some alteration to sericite. The plagio­
clase also has undulöse extinction and occasionally a single 
plate encloses a complete amphibole crystal, the latter then 
showing much less alteration.
The amphibole shows well developed lamellae consist­
ing of parallel rows of narrow ilmenite rods. The ilmenite 
rows all have the same orientation. The margins of crystals 
and fractures have a clear appearance and are devoid of 
ilmenite, their place being taken by fewer but coarser 
individuals. Where two or more amphibole crystals are in 
contact, the junctions are marked by a row of coarse ilmenite
rods and granules.
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TABLE 10
Chemical analyses of inclusions KPI-45 (spinel pyroxenite), 
KPI-7 (amphibole +plagioclase + clinopyroxene + spinel) and 
KPI-10 (amphibole + plagioclase).
KPI-45 KPI-7 KPI -10
sxo2 43.27 42.19 43.19
Ti02 0 . 88 1.43 4.73
A12°3 15.92 14.79 16.06
Fe^O, 1. 79 1.72 1.862 3
FeO 6.24 6.88 9.16
MnO 0.13 0.15 0.14
MgO 14.48 12.09 7.24
CaO 15.24 14.27 9.76
Na20 1.15 1.63 3.69
K 0 0.28 0.53 0.872
P2°5 0.05 0.16 0.17
h 20+ 0.53 1.49 1.64
H 0“ 0.18 0.22 0.202
cc> 0.45 2.07 1.252
TOTAL 100.59 99.62 99.96
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TABLE 11
C.I.P.W. norms of Kelly's Point inclusions KPI-45, KPI-7 and 
KP I-10 .
KPI-45 KPI-7 KPI-10
o r - 1.261 5.140
le 1.297 1.467 -
ab - - 16.460
ne 5.270 7.470 7 . 982
an 37.450 31.475 24.692
’ wo 13.641 15.960 9.439
di - en 9.949 11.217 6.150
fs 2.419 4.811 2.638
ol f^fo
18.292 13.233 8.322
l fa 5.024 3.334 3.934
cs 1.592 - -
ap 0.109 0.350 0 . 372
mt 2.595 2.493 2.696
il 1.671 2.716 8.983
rest 1.16 3.78 3.09
TOTAL 100.469 99.567 99.918
Breakdown of the amphibole is more pronounced where 
it is in contact with the host rock material and here, the 
opaque rods persist well into the enclosing material whereas 
the amphibole has been completely replaced by actinolite and 
chlorite. Some of the smaller amphiboles are almost complete­
ly assimilated, their presence being indicated by parallel 
rows of ilmenite rods together with associated actinolite and 
chlorite.
It should be noted here that pegmatitic patches with­
in the dioritic gabbro at Kelly's Point have a very similar 
appearance in hand specimen to the gabbroic anorthosite in­
clusions in KP2 . These patches range up to 10cm in size 
(Figure 13) and are very coarse grained with some acicular 
amphibole crystals being up to 3cm long. However, the 
amphibole in this case is a common hornblende (y = olive 
green, a - 3 = pale brownish-yellow), and is extensively
altered to reddish-brown biotite and opaque granules. It 
also has a sieve texture, enclosing rounded areas of quartz, 
plagioclase and apatite. Plagioclase shows patchy normal 
zoning but is essentially albite. Interstitial quartz is 
plentiful and apatite and sphene are accessory minerals.
These pegmatitic pods cannot therefore be confused 
with the amphibole + plagioclase inclusions in KP2 nor can
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the inclusions have originated from this source.
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Figure 13. Pegmatitic patch within dioritic gabbro from
Kelly's Point. The coin is a five cent piece.
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Amphibole + plagioclase + clinopyroxene rock
A sub-spherical inclusion (KPI-1) consists of an 
interlocking aggregate of plagioclase and amphibole with 
individual crystals up to 3cm long. The large amphibole 
individuals (2V^ about 85°) enclose rounded patches of 
plagioclase and occasionally contain scattered clinopyroxene 
relicts, all of which have the same optical orientation. The 
margin with adjacent plagioclase is gently rounded and the 
contacts between the two have a narrow zone of recrystalliz­
ed plagioclase between the amphibole and a sericitized 
fracture zone within the plagioclase, indicating deformation 
after crystallization, a feature which is typical of 
anorthosites and associated rocks.
Extremely fine grained ilmenite occurs in crystallo- 
graphically oriented rows within the amphibole crystals.
The rows frequently have a sygmoidal appearance where trains 
of opaque granules traverse the crystal from one cleavage 
plane to the next. A crystallographic feature of all 
amphiboles is the curvature of the double chain components 
away from the plane of cations in the octahedral layer due 
to a dimensional misfit between the octahedral and tetra­
hedral layers.
Since the crystallographic control of rows of ex- 
solved ilmenite are more distinct when viewed directly down
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a cleavage direction, it seems likely that they have prefer­
entially formed at the sites of dislocation within the 
amphibole lattice. Clear hornblende around the margins of 
each amphibole crystal is presumably due to the complete 
elimination of the minute ilmenite rods which is now segreg­
ated into much coarser granules either in or just outside 
the margins. The larger ilmenite grains are much more con­
centrated, and the clear margins much more pronounced where 
the amphibole is in contact with the host rock. Alteration 
products of the amphibole are ferroactinolite crystals, all 
in optical continuity, brown biotite, carbonate, chlorite 
with sepia brown birefringence and an isotropic phase 
(probably spinel) which is pale brown in very thin crystals. 
The ferroactinolite occasionally forms veins which traverse 
complete amphibole crystals. In these cases they obviously 
formed after exsolution of the opaque phase from the amphi­
bole as the ilmenite rods and granules occur in both and 
are often continuous from the amphibole into the ferroactin- 
olite.
The plagioclase has a composition ranging from An^Q 
to A n ^  an^ individual crystals have rounded and sutured 
boundaries. Rare, euhedral apatite crystals occur within
the plagioclase.
67
Another inclusion (KPI-2), is very similar except 
that it is finer grained (average about 1cm) and there is 
less alteration of the clinopyroxene. The plagioclase has 
similar morphology but has a composition of An?Q.
Amphibole + plagioclase + c1inopyroxene + spinel rock 
(KPI-7)
This inclusion (Analysis in Tables 10 and 11) is 10cm 
in diameter with constituent crystals averaging 6mm in size. 
It consists of clinopyroxene relicts (2V^ 53° ± 2°f r > v) 
showing all stages of alteration to reddish brown amphibole 
(2V^ about 85°;a = pale orange, 3 = orange, y = reddish 
brown). The amphibole also contains exsolved rodlets of 
ilmenite and has clear margins. It is in turn being altered 
to ferroactinolite (pleochroic from blue-green to green) 
which grades into less iron-rich actinolite away from the 
amphibole until it is virtually colourless. The actinolite 
usually terminates in interstices where large plates of 
carbonate completely fill the remaining space.
The spinel is usually green. Its normal euhedral 
outline is not always present due to its breakdown to 
diaspore, and alteration to colourless chlorite and sphene. 
Partial alteration and breakdown of the spinel results in 
the formation of dark grey to opaque areas around edges and
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along cracks in individual grains.
Large, interstitial plagioclase crystals (An ) which 
may be up to 1cm long have multiple albite and pericline 
twinning and fractured borders partly altered to sericite 
and carbonate, the fractured zones being isolated from the 
ferromagnesian phase by a recrysta11ized zone of plagioclase. 
When in contact with this plagioclase the pyroxene is not 
altered to amphibole but has a fractured rim, similar to 
that seen in the plagioclase, suggesting that these two 
minerals were coexisting phases in the original, unaltered 
inclusion. Rare apatite crystals up to 1mm long are present 
within some of the plagioclase crystals.
Unaltered, interstitial plagioclase has undulöse 
extinction and multiple albite and pericline twinning. It 
occasionally occurs in small lenses in association with 
euhedral reddish brown amphibole, carbonate, actinolite and 
chlorite suggesting that it is derived from host magma 
emplaced along fractures in the original inclusion.
Cl inopy roxene 4- spinel rock (spinel pyroxenite)
Virtually unaltered spinel pyroxenite is abundant 
and occurs as inclusions up to 5cm long with the spinel 
often being 1cm or more in size (Figure 14). An analysis 
and norm of a typical specimen (KPI-45) are given in Tables
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( a ) (b )
(c )
Figure 14. Spinel pyroxenite inclusions from Kelly's Point 
dyke KP2. (a) and (b) are natural size; (b) is a section
of the analysed inclusion KPI-45. (c) x 2.8. This is the
sample Spinel 2 in Table 13.
Note the absence of marked reaction rims, the sharply 
terminated crystals of some spinels and the complex inter­
growth in (c ) .
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10 and 11. Analyses and structural formulae of the pyrox­
ene and spinel are presented in Table 12 , and indexed powder 
patterns of two spinels are given in Table 13. One of these 
(Spinel 2) has either exsolved from the enclosing aluminous 
c1inopyroxene or has formed by simultaneous crystallization.
The pyroxene has a thin (up to 0.07mm) fractured 
rim where it is in contact with the host rock and the 
fractured rim shows incipient alteration to reddish-brown 
amphibole. The coarse clinopyroxene crystals are traversed 
by numerous coarse fracture zones, some of wh.ich are filled 
with fine-grained plagioclase and some carbonate. These 
fractures usually pass around the spinel euhedra. Fractures 
in spinel are marked by dark grey to opaque borders in con­
trast to the normal green colour. The pyroxene also con­
tains rounded patches of pyrite , chalcopyrite and cubanite 
and may also be traversed by narrow veins of the same 
minerals. The description given here is closely similar to 
that given by Binns, (1968) of spinel + clinopyroxene mega- 
crysts from basanitic lavas near Armidale, N.S.W. In both 
cases, the clinopyroxene has a narrow alteration rim when 
in contact with the host rock and coarse fractures are 
developed in both pyroxene and spinel. However the Armidale 
clinopyroxene contains small inclusions of pyrrhotite.
TABLE 12
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Analyses and structural formulae of clinopyroxene and spinel 
from spinel pyroxenite inclusion KPI-45
Clino- Spinel
pyroxene
CPX 
(to 6 
oxygens)
Spinel 
(to 32 
oxygens)
S i 0 48.95 Si 1.787] Al 15.223
A ► 2.000 00
TiO„ 0.93 0.35 A1IV 0.2 1 3J Fe 3 + 0.9082 [ VD
Al 0 9.14 63.12 A1VI 0.18ol Ti 0.054 •H2 3
Fe 0 2 3 2.07 5.90 Ti 0.026 Mg 5.71$ in
3 + cnKDFeO 4.54 11.47 Fe 0.057 Fe 1.962
MnO 0.14 0.08 Mg 0.792 Mn 0.0 14>
MgO 14.56 18.76 Fe 2 + 0.139 ►1.993
CaO 18.69 Mn 0.004
Na20 0.85 Ca 0.731
K 2° 0.09 Na 0.060
K 0.004a
TOTAL 99.95 99.68
3 1 . 701 ± 1.750 1
0.002 0.002
_.(Na (Na
light) light)
2v y 50° ± 1°Y r > v
( strong)
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TABLE 13
Indexed powder diffraction patterns of spinels from spinel 
pyroxenite inclusions in KP2
Operating conditions:- Cu - radiation, Ni - filter, 40kV,
2 4mA.
Spinel 1 (analysed) Spinel 2
I d (hkl) I d (hkl)
(e s timate d ) (e s timated)
5 4.7702 111 5 4.7075 111
8 2.9029 220 8 2.8801 220
10 2.4682 311 10 2.4551 311
8 2.0403 400 8 2.0316 400
4 1.6695 422 3 1.6598 422
8 1.5703 333 8 1.5643 333
8 1.4407 440 8 1.4377 440
3 1.2424 533 1 1.2854 533
2 1.1739 444 2 1.1762 444
2 1.0883 642 2 1.0855 642
4 1.0584 731 3 1.0588 731
3 1.0161 800 3 1.0172 800
3 0.9382 662 3 0.9402 662
5 0.8523 931 5 0.8523 931
8 0.8293 844 8 0.8303 844
4 0.7966 10.2.0 7 0.7866 10.2.2
8 0.7854 10.2.2
n = 1 . 7 5 0 ± 0.002 (N a light
a = 8 . 1 3 7  o ± 0.001A a = o 8.149 ± 0.001A
Spinel from KPI-45 "exsolved" spinel
(see Figure 14).
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Clinopyroxene + olivine + amphibole + spinel rock
Only one example of this type has been found (KPI-18) 
It is about 6cm in diameter and has an average grainsize of 
1.5m m .
If due allowance is made for the secondary alteration 
products (i.e. amphibole and actinolite after clinopyroxene; 
magnetite and phlogopite together with some iddingsite after 
olivine), then the original rock contained approximately 
equal amounts of olivine and c1inopyroxene, in an interlock­
ing, anihedral aggregate.
The olivine is more altered than the clinopyroxene 
as shown by the following mode:- olivine (fresh) 20%, 
olivine alteration products 30%, pyroxene (fresh) 32%, 
pyroxene alteration products 18%.
The clinopyroxene (2V^ = 57° ± 2°; r > v) is colour­
less and shows slight zoning. Occasional grains are enclos­
ed by olivine although they are usually surrounded by 
poikilitic amphibole. Rare crystals show simple twinning 
and most are traversed by irregular coarse cracks reminiscent 
of those seen in the spinel pyroxenite.
The olivine (3 = 1.662 ± 0.002, Fo^) is sometimes
altered to iddingsite although it is more usually replaced 
by a fine-grained aggregate of magnetite rods and granules,
colourless phlogopite and carbonate. These alteration
products occur in "swirls" around the olivine crystals, 
following a sinuous path suggesting that they may have 
followed original embayments in the olivine. They resemble 
completely altered "euhedral individuals" in the groundmass 
of KPlB and KP2. The olivine composition suggests this may 
have been a lherzolite inclusion. Insufficient material was 
available to allow more detailed examination.
The secondary amphibole contains abundant minute 
granules of ilmenite except along some clear margins where it 
is altering to very pale actinolite. The pleochroic scheme 
is:- Y = reddish-brown; a - 3 = pale orange brown, although 
the absorption colours are deeper in the clear margins.
Green spinel is a sporadic constituent, forming less 
than 1% of the total rock. It has rounded and embayed mar­
gins and opaque borders. Where the spinel appears to have 
been originally associated with olivine it is enclosed by 
plagioclase (An ); it is enveloped by amphibole wheno j " 9 0
associated with the pyroxene.
Accessory alteration minerals are carbonate, pale 
green actinolite and a colourless phy1losi1icate.
Plagioclase xenocrysts
Slightly corroded xenocrysts of plagioclase occur in 
all the Kelly's Point lamprophyric dykes but are not present 
in the porphyrite. They are generally concentrated towards
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the centre of each dyke with their long axes oriented parall­
el to the dyke walls.
Although singe crystals are much more common, there 
are some composite types made up of two or more plagioclase 
individuals. The xenocrysts invariably have a more or less 
rounded outline where the original crystal has been corroded, 
upon which is superimposed a later rim of more calcic 
plagioclase. Inside the resorbed margin the xenocrysts are 
remarkably fresh and are optically similar to plagioclase 
from the anorthosite inclusions. They have a composition of 
An^0 - An^ and some contain small, euhedral crystals of 
corundum together with some granules of an opaque phase.
Kaersutitic pargasite xenocrysts
These are abundant and range up to 5cm in length 
(Figure 15). All are reddish-brown types but all stages of 
alteration are seen from almost completely fresh individuals 
to aggregates of ilmenite (with lamellar twinning) and 
dhlo rite.
An intermediate stage in this alteration is preserved 
in some inclusions (e.g. KPI-26), which consists of a mosaic
of equigranular (0.08mm), reddish-brown amphibole with ran­
dom orientation, ilmenite granules and interstitial plagio­
clase (An^2). Trains of ilmenite granules (2 at 120°)
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Figure 15. Large xenocryst 
dyke KP2.
of kaersutitic pargasite from
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outline the cleavage traces of the original single crystal 
of amphibole. At the contact with the host rock these rows 
of ilmenite granules project beyond the limits of the 
amphibole aggregate, outlining the original amphibole shape 
and indicating resorption of the original crystal.
An unaltered amphibole crystal about 5cm long was 
selected for analysis (Table 14). The amphibole is a low 
silica type, rich in alkalies and moderately rich in titan­
ium (0.409 atoms per formula unit).
Wilkinson (1961) considers that kaersutites ideally 
contain 0.6 to 1.0 Ti atoms per formula unit and that Mg is
greater than 2, although in terms of end members, kaersutites
3 + 2 +with a low oxidation ratio (Fe /Fe ) may be recalculated
to a titaniferous pargasite with part of the Mg being re-
24-placed by Fe . According to the classification scheme for 
amphiboles proposed by Layton (1964) , which does not consider 
Ti content, the Kelly's Point amphibole would plot near 
pargasite-hastingsite. A later classification scheme 
(Leake, 1968) , indicates that the Kelly's Point amphibole is 
also a member of the pargasite-hastingsite series rather 
than kaersutite in that it contains < 0.5 atoms of Ti per 
formula unit. Mason (1968) agrees with Wilkinson (1961) 
that amphiboles of this type with less than 0.5 atoms of Ti 
per formula unit could also be properly called kaersutite.
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TABLE 14
Chemical analysis and structural formula of a kaersutitic 
pargasite xenocryst from KP2.
Analysis Structural Formula ( 24 oxygens)
SiO 41.63 Si 6.153]2 8.00
Tl02 3.68 A1IV 1.847.
A12°3 15.00 A1V1 0 . 760‘
Fe 2 0 3 2.94 Ti 0.409
FeO 10.00 Fe111 0.326 4.866
MgO 10.15 Fe11 1.236
CaO 9.67 Mg 2.235 J
Na2° 3.00 Ca 1.532'
o(N*2 1. 71 N a 0.812 ► 2.478
P„0n 0.53 K 0.1342 5
H 2 ° + 0.46 * P ° not in c1ud e d in
calculation
«2° 0.05
TOTAL 98.86
On this basis the Kelly's Point amphibole is termed a 
kaersutitic pargasite.
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Garnet xenocrysts
Garnets are plentiful within KP2 and range up to 5cm 
in diameter. They are always pink in colour and sometimes 
show zoning in thin section with darker colouration towards 
the centre. A partial electron microprobe analysis of one 
zoned crystal showed that there was an increase in Fe and a 
decrease in Mg, Ca, Mn, and Al towards the centre.
The garnets always have a well developed kelyphitic 
rim consisting of magnetite granules, altered plagioclase 
and chlorite. Corundum occurs in indentations (Presorption 
pits) within the garnet boundaries. The corundum is 
surrounded by a single ring of magnetite granules, some of 
which are enclosed by brown-green biotite, the whole being 
set in clear plagioclase which separates the assemblage 
from both the kelyphitic rim and enclosing host rock mater­
ial.
All stages of assimilation of garnets by the host 
magma is seen. In the early stages of breakdown the garnet 
is invaded by host rock material along cracks which traverse 
the crystals. No kelyphitic zone is present along these 
zones and the reaction products are magnetite, corundum, 
green biotite, actinolite and plagioclase. The original 
presence of now completely assimilated or altered garnet can 
be recognised by large magnetite aggregates which are
associated with corundum, green biotite, muscovite, some 
plagioclase and chlorite.
In some cases intensely pleochroic hypersthene is 
locally abundant alteration product.
The production of the secondary minerals from the 
Kelly’s Point garnets is illustrated by the following 
reactions:-
1. (FeMg) 3Al2Si3Ox -^----> 3(Fe,Mg)SiC>3 + Al2°3
(almandine/pyrope) (hypersthene) (corundum).
2. 2 (FeMg) Al2Si30^2 + (H20 + K 'Na from magma) ---- >
(almandine/pyrope)
K,Na (Fe ,Mg) 6Si6Al20 9Q (OH) 9 + Al20
(biotite) (corundum).
3. 3 Fe3Al2Si3012 + (K2 + 2H20 + 202)
(almandine) (from magma)
K2Al4 (Si6Al2°20)(0H)4 + 3Fe3°4
>
+ 3si02
(mus covite) (magnetite). (to magma).
4 .2Fe 3Al2Si 30 12 + H20 + K , N a ----- >
(almandine) (from magma)
K,Na(Fe6Si6Al2O2 0 (OH)2 + A120 3
(Fe-biotite) (corundum).
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5. 2Mg3Al2Si3012 + (H20 + K + Na) ------y
(pyrope) (from magma)
K,Na(Mg) S i A l O  (OH) + Al O 6 6 2 2 0  2 2 3
(Mg-biotite) (corundum).
6. Ca Al Si O + 2C0_— >»CaAl_Si_0o + 2CaCO_ + SiO_
■J J- ^  ^  o  «3 ^
(grossular) (anorthite) (to magma)
7. 6(FeMg)Si03 + Al2C>3 + (H20 + K,Na)
(hypersthene) (corundum) 
K,Na(Fe Mg) 6si6Al2°2o (°H) 
( bi o t i t e ) .
2
(from magma)
>
8. 12 (Fe Mg)Si03 + 8H20
(hypersthene)
> <M9Fe>12Si8°20(OH)16 + 4Si°2
(chlorite) (to magma).
9 -2KFe6Si6A12°2O<0H)2 + 4A12°3 + (K2 + 2H2° + 3°2) --- *
(Fe-biotite) (corundum) (from magma)
2K2A14 (Si6A12°20)(0H)4 + 4Fe3°4
(muscovite) (magnetite).
A garnet crystal (KPI-G), 2cm in diameter, was select­
ed for analysis because it was relatively unaltered and also 
because it did not appear to be zoned in thin section. It 
was cleaned of any inclusions and alteration products by
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magnetic separation, heavy liquids and final hand picking.
The analysis is presented in Table 15. The unit cell edge
determined from an X-ray powder photograph (Table 16), gave
a value for a of 11.451 ± 0.002Ä. The refractive index o
(n = 1.791 ± 0.002), is slightly higher than the garnets 
from the anorthosites KPI-40 (n = 1.783 ± 0.002) and KPI-60 
(n = 1.781 ± 0.002) and this suggests that the analysed 
garnet contains slightly more iron.
Biotite xenocryst
Only one biotite xenocryst has been found. It is 
a single 2cm plate. All the available material was used 
for a partial chemical analysis (Table 17). It is a high- 
titanium, high-iron biotite and is similar to the high-Ti 
biotites recorded as xenocrysts from other alkaline basalt­
ic rocks (e.g. Wilkinson, 1962) .
Olivine xenocrysts
Only two extensively altered olivine xenocrysts have 
been found, the largest being 2cm across. In both,olivine 
appears as relict patches within a magnetite or ferrospinel 
aggregate which still preserves an original euhedral outline 
(Fig. 6). The relict olivines are themselves partly replaced 
by an intensely pleochroic yellow-green phyllosilicate and
TABLE 15
Analysis and structural formula of garnet KPI-G from Kelly's 
Point.
Si02 37.80 Si 6.018
TiO„ 0.24 Al 3.945'
A ' 3.974
A12°3 21.02 Ti 0.029.
Fe 2 ° 3 7.09 Mg 1 . Oil'
FeO 23.07 2 + Fe 3.921
> 5.988
MnO 1.20 Mn 0.162
MgO 4.26 Ca 0.894,
CaO 5 . 24
Na2° -
K 2° 0.09
P 2 °5 0.04
TOTAL 100.95
Structural formula calculated on the basis of 24 oxygens
disregarding K„0 and P„0,_ and using ZFe as FeO. In a partial2 2 janalysis of a garnet xenocryst from Kelly's Point Brown 
(1929) recorded 23.52% FeO and 1.23% MnO.
End Member s : Pyrope 16.9, Almandine 65.5, Spessartite 2.7,
Grossular 14.9.
Cell edge; Calculated from Skinner's (1956) data 11.565
Measured 11.451 ±
0 .002&
Refractive Index: Calculated from Skinner's (1956) data 1.795
Measured 1.791
± 0.002 .
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TABLE 16
Indexed powder diffraction pattern of garnet KPI-G. Operating 
conditions:- Fe-radiation, Mn filter, 40kV, 25mA.
I d (hkl)(e s timated)
5 2.8911 400
10 2.5802 420
1 2.4613 3 32
2 2.3538 422
2 2.2624 510
2 2.1066 521
h 2.0432 440
2 1.8753 611
1 1.6670 444
3 1.6021 640
5 1.5442 642
h 1.4455 800
l 1.2923 840
2 1.2608 842
1.2309 664
1
8 1.1670 941
4 1.0739 10.2.2
3 1.0559 10.4.2
l3? 1.0224 880
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TABLE 17
Partial analysis and structural formula of biotite xenocryst
from KP2. The structural formula is calculated on the basis
of 22 oxygens as not enough material was available to
determine H.0+, H.O" and F. P 0 was not included in the Z Z Z bstructural formula calculations.
Analysis Structural formula
S iO 34.71 Si 5.143'z 7.793
Ti02 6.23 Al 2.650
A12°3 15.17 Ti 0.694 '
Fe2°3 3.58 Fe111 0.399
FeO 17.43 Fe11 2.160 ► 5.941
MnO 0.18 Mn 0.023
MgO 12.07 Mg 2.665
CaO 0.56 Ca 0.089
Na20 0.80 Na 0.230 . 1.720
k 2° 7.41 K 1.401
P2°5 0.06
TOTAL 98.20
a serpentine-group mineral. The unaltered olivine has a
pale pink tinge, possibly resulting from a high iron content.
X-ray measurement of ^( 2.3 0 ) = 2.805$. indicates a
composition of Fo42 (hortonalite) according to the deter­
minative curves of Yoder & Sahama (1957) .
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SUMMARY OF INCLUSION INTERRELATIONSHIPS
The inclusions in the Kelly's Point dykes can be 
subdivided not only on a sedimentary versus igneous origin 
but also on whether they could have been derived either from 
the country rocks of the region or from some other source.
The accidental xenoliths of country rock origin in­
clude quartzite, quartz, tonalite and gabbro. The large 
quartz inclusions up to 8cm across are probably derived from 
xenoliths within diorite country rock (Figure 10): they
have a similar size and shape. The quartzite most likely 
originated from quartz veins which are especially common 
within the plutonic rocks at Kelly's Point. The tonalite 
and gabbro are slightly modified by the enclosing dykes but 
have similar mineralogy and mineral characteristics as the 
country rocks (e.g. tonalite inclusions have strongly zoned 
plagioclase, green hornblende, biotite and quartz).
No country rocks are known from the region which 
could correspond to the inclusions of anorthosite,gabbroic 
anorthosite, spinel pyroxenite, amphibole and garnet and 
some other source must be invoked for these types.
Disregarding the country rock inclusions, the petro­
graphic descriptions of the other types indicate a gradation­
al suite of rock types. There appear to be two separate groups
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within the inclusions. One group (A) represents all grad­
ations between anorthosite and hornblendite whereas in the 
other group (B),the primary phases plagioclase and clino- 
pyroxene grade through plagioclase + clinopyroxene + spinel 
to clinopyroxene + olivine + spinel.
The assemblages in these different types are listed 
as follows, with important secondary minerals in paren- 
thesis : -
Group A
1. Plagioclase,
2. Plagioclase + garnet,
3. Plagioclase + hornblende + magnetite/ilmenite,
4. Hornblende + plagioclase,
5. Hornblende.
Group B
6. Plagioclase + clinopyroxene + (hornblende),
7. Plagioclase + clinopyroxene + spinel +
(hornblende),
8. Clinopyroxene + spinel,
9. Clinopyroxene + olivine + spinel +
(hornblende).
The clinopyroxene of Group B has the same optical 
properties throughout the different assemblages. Hornblende 
appears to be a primary phase in the Group A assemblages
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but secondary in Group B although it has similar optical 
properties in both groups and is distinct from the green 
hornblendes of the country rocks. It is therefore possible 
that group A assemblages are secondary pargeneses derived 
from primary group B parageneses particularly when the 
analyses of spinel pyroxenite (KPI-45) and anorthositic 
gabbro (KPI-10) are compared (Tables 10 and 11).
ORIGIN OF THE INCLUSIONS
Introduction
Inclusions of aluminous clinopyroxene, garnet,spinel, 
amphibole and their polycrystalline aggregates have been 
reported from many parts of the world but invariably from 
alkaline complexes (e.g. Wilkinson, 1962; Kuno, 1964; 
Vitaliano & Harvey, 1965; White, 1966; Green, 1966; Binns, 
1969; Aoki, 1968, 1970; Lovering & White, 1969). Where rock
descriptions are given in sufficient detail the host rocks 
are alkaline olivine basalt, hawaiite, basanite, nephelinite 
or volcanic breccias containing fragments of these rocks. 
There is general agreement that the megacrysts formed under 
relatively high P/T conditions, the most favoured depth 
being about 35km or the lowermost crust/uppermost mantle in 
continental areas. These conclusions are mainly based on 
the chemical composition of the inclusions, particularly the
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A12O^ content, A l fV/AlVI partition and the tschermak/jadeite 
ratio of the clinopyroxene.
Experimental work (Clarke et al. , 1962; Green &
Ringwood, 1967; Bultitude & Green, 1968) has shown that at 
temperatures near 1000°C, the tschermak1s component in 
clinopyroxenes increases up to about 13.5kb but that jadeite 
becomes more prominent above 18kb. This allows constraints 
to be put on the P/T environment at the time of crystalliz­
ation of natural aluminous pyroxene, although the entrance 
of Al and Ti into the clinopyroxene structure is favoured 
by a low Si content of the parent magma.
Most authors have not been able to show whether the 
high pressure inclusions are cognate or accidental and thus 
whether there is a genetic relationship with their host 
rocks. A cognate relationship is favoured by Binns (1968), 
Kuno (1964) , Aoki (1968) , Vitaliano & Harvey (1965) , and 
Green (1966).
Indications that a cognate origin for the Kelly's 
Point inclusions is feasible are:- (1) the large crystals 
often show euhedral to subhedral outlines; (2) groundmass 
amphibole in the host rock is optically similar to the 
amphibole inclusions except for the absence of exsolved 
ilmenite; (3) experimental work on basaltic compositions 
shows that clinopyroxene may be a liquidus phase at pressures
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near 13-18kb; (4) addition of average host and inclusion
compositions in the ratio 70:30 provides a feasible parental 
composition (Table 18).
The percentages of the different types of inclusion 
used was estimated from the sawn slab (Figure 6A) and is 
only approximate because of their random distribution.
P/T conditions during crystallization of the Kelly's Point 
inclusions
Clinopyroxene
The experimental data of Green & Ringwood (1967) on 
an alkali olivine basalt composition, show that the Al^O^ 
content of near-liquidus clinopyroxene is 9.0% at 9kb and 
11.2% at 13.5kb. These data thus suggest a pressure of 
about lOkb for the formation of the Kelly's Point clino­
pyroxene which has 9.14% Al^O^ (Tables 12 and 19), if it is 
assumed that it is a near-liquidus phase of the parental 
basaltic composition determined by combining 30% of inclus­
ions with dyke KP2. There is a good chemical comparison 
(Table 19) between the composition of the Kelly's Point 
clinopyroxene and those from other localities which are 
acknowledged to have been formed at pressures of 9-13.5kb, 
as well as with clinopyroxenes experimentally derived from 
basaltic compositions (Green & Ringwood, 1967; Green, T. &
92
TABLE 18
Hypothetical parental rock compositions for the Kelly's
Point 1amprophyric dykes and the inclusions.
1 2 3 4 5 6
sio2 49.2 49.1 46.76 49.49 48.23 50.0
Ti02 1.8 1.7 2.29 2 . 32 0.89 1.1
A12°3 17.1 16.8 14 . 38 16.18 18.27 17.4
FeO* 9.6 9 . 3 12.71 10.21 9.24 11.4
MnO 0.2 0.2 0.18 0.15 0.17 0.1
MgO 7 . 7 8 . 3 9.59 7.85 8.95 6.1
CaO 9.6 10.1 10.37 8.16 11.31 9.0
Na20 3 . 3 3 . 2 2.86 4.33 2.80 3 . 3
k 2° 1.4 1.3 0.84 1.30 0.14 1.6
TOTAL 99.9 100.0 99.98 99.99 100.00 100.0
1. 30% inclusions (in the proportions: spinel pyroxenite
72%, kaersutitic pargasite 20%, plagioclase 6%, garnet 2%)
+ 70% of the average value of the host rock KP2. 2. 30%
spinel pyroxenite plus 70% KP 2. The derived compositions 
are compared with alkali basalts,a hawaiite and a high-Al 
basalt. 3. Alkali basalt, Hualalai , Hawaii, (Yoder & Tilley, 
1962). 4. Hawaiite, Hawaii, (Macdonald & Katsura, 1964).
5. High-Al basalt, Warner Flow, California, (Yoder & Tilley, 
1962) . 6. Alkali basalt, Lancefield, Victoria, (i_n Joplin,
1964; Edwards analyst).
* ZFe as FeO. Analyses recalculated ignoring P 0 and loss.2 5
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Ringwood, 1967). All the clinopyroxenes have fairly high Al 
content in both four- and six-fold coordination (Tschermak1s 
component), and low to nil sodium (jadeite component). 
Refractive indices are also in close agreement.
Furthermore, the negligible jadeite component infers 
an upper limit of 18kb for the crystallization of the clino- 
pyroxene (Green & Ringwood, 1967) .
Spinel
According to Aoki (1968) and Binns et al. , (1970) ,
the spine1-hercynite series appears to have a limited 
occurrence, being found only in certain wehrlite , pyroxenite 
and gabbro inclusions from alkaline rocks.
Taken individually, the spinel from the inclusions is 
not useful in determining P/T parameters. However the 
Kelly's Point spinels are comparable (Table 20) with spinels 
which occur either as single crystals or in association with 
aluminous clinopyroxene, garnet and plagioclase as high 
pressure inclusions in other alkaline basalts (Binns, 1968; 
Lovering & White, 1969; Aoki, 1968) .
Spinel pyroxenite
Consideration of the composition of the spinel 
pyroxenite as a whole also furnishes data indicating its 
probable P/T stability field. In the system anorthite
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TABLE 20
Chemical comparison of spinels occurring as inclusions in 
alkaline rocks
1 2 3 4 5
Si°2 - 0.17 0.49 0.45 0.03
Ti02 0 . 35 0.76 0.18 0.17 0.34
A12°3 63.12 59.48 67.66 66.75 59.87
- 2 ° 3 - 0.02 - - 0.17
Fe „ 0 ^ 5.90 7.67 __ 6.982 3 
FeO 11.47 14.84 9.87 * *11.27 14.22
MnO 0.08 0.12 0.09 0.12 0.11
MgO 18.76 17.21 20.90 20.35 17.48
CaO - 0.01 0.01 0.22 -
Na20 - - 0.03 - -
TOTAL 99.68 100.28 99.23 99.33 99.20
Structural
Si
formulae on basis 
0.035
of 32 oxygens.
0.097 0.091 0.006
Al 15.223 14.602 15.846 15.808 14.792
Ti 0.054 0.119 0.027 0.025 0.054
3 + Fe 0.908 1.202 - - 1.099
Cr - 0.003 - - 0.028
2 + Fe 1.962 2.584 1.640 1.894 2.489
Mn 0.014 0.021 0.015 0.021 0.019
Mg 5.719 5.340 6.189 6.094 5 . 506
Ca - 0.003 0.002 0.047 -
N a - 0.010 - - -
* ZFe as 
1. Spinel
FeO.
from Kelly 's Point , spinel pyroxenite KP1-45.
2. Armidale (Binns, 1968) . 3. Delegate (Lovering & White,
1969) . 4 . Delegate (Lovering & White, 1969). 5. Iki'
Island, Japan, (Aoki , 1968) .
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+ 2 forste rite, Kushiro & Yoder (1966) have shown that the 
assemblage clinopyroxene + orthopyroxene + forsterite + 
spinel is stable in the range 1000°C to 1400°C at pressures 
of 7kb to 20kb. Below 7kb in this temperature range the 
assemblage anorthite + forsterite is stable and above 12kb 
at 1000°C and 22kb at 1400°C the stable assemblage is garnet 
+ forsterite (Figure 16).
The spinel pyroxenite field is wedge-shaped and 
becomes narrower with decreasing temperature. With the 
addition of more anorthite to the system, the stability 
field of garnet is lowered and the spinel field is reduced 
(dotted lines on Figure 16). Furthermore, Green & Ringwood 
(1967) , have shown that an increase in the Fe/Mg ratio of a 
basaltic system also reduces the pressure at which garnet 
is stable but at a greater rate than the pressure of form­
ation of aluminous pyroxene + spinel + plagioclase from the 
assemblage olivine + plagioclase + pyroxene.
Using these data, Lovering & White (1969) , have 
postulated that the spinel field is likely to shrink by the 
addition of anorthite and an increase in the Fe/Mg ratio for 
an alkali basalt composition, to between 8 and lOkb at 1000°C 
and 10 to 12kb at about 1120°C. Aoki (1968) , concluded that 
spine 1-bearing inclusions from Iki Island were formed at
about 8kb.
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Garnet + Forsterite 
+ (Clinopyroxene)
SOLIDUS
CPX + OPX + FO +
1 An + 2 Fo
14001000
TEMPERATURE °C
Figure 16. P.T. Projection of the sub-solidus phase relationships in the 
System 1 An + 2 Fou (After Kushiro & Yoder, 1966, and 
Lovering & White, 1969),
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Both Binns (1.969) and Kuno (1964) consider that 
spinel pyroxenites have precipitated from their host alkal­
ine magmas at relatively high pressures equivalent to those 
prevailing at the base of the crust, (i.e. about lOkb).
Amphibole
Comparison of the amphibole megacrysts from Kelly's 
Point with similar inclusions from other localities and with 
experimentally produced amphiboles is made in Tables 21 and 
22 .
Harry (1950) has shown that rising temperatures 
cause an increase in the amount of AlIV within the amphibole 
structure, a process which helps to control the amphibole 
stability. Leake (1968), concludes that, although amphibole 
compositions in metamorphic and igneous rocks are mainly 
dependent on rock and magma composition, the TiC^ content 
may be used as a measure of the temperature of crystallizat­
ion. Furthermore, high AlVI in amphiboles is favoured by 
high pressure.
In an experimental study of the system basalt - CO^
- H^O at high temperatures and pressures, Holloway (1970) 
used olivine tholeiite from the 1921 flow of Kilauea Volcano, 
Hawaii. His results show that an increase in temperature 
causes an increase in the Ca content and the Mg/Mg + Fe
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TABLE 21
Comparison of experimentally produced amphiboles with the 
kaersutitic pargasite from Kelly's Point and those occurring 
as high pressure megacrysts from other localities.
1 2 3 4 5 6 7 8 9
Si°2 40.14 4 1.63 38.58 40.42 39.25 39.3 40.2 39.9 39.63
Ti02 6.05 3.68 4 . 92 4.43 3.57 3.8 2.8 2.9 4.93
A12°3 14.50 15.00 15.41 13.90 17.48 15.6 14.2 15.6 14 . 36
Cr2°3 0.04 - - - 0 . 01 - - - -
Fe2°3
FeO
5.92 
6.05
2.94 
10.00
9.52 
3.73
4.84
6.85
2 . 31 
9.45 9.8* 10.6* 12.6*
3.20 
10.36
MnO 0.12 - 0.16 0.10 <0.01 - - - 0.14
MgO 12.03 10.15 11.57 12.95 11.22 13.7 13.6 11.6 10.90
CaO 10.14 9.67 11.90 10.28 10 . 12 11.8 11.5 12.2 10.93
Na2° 3.00 2.83 2.24 3.04 3.23 2.9 2 . 7 2 . 5 2.96
k 2° 1.71 0.71 1.14 2.05 0.84 0.2 0.4 0.4 1.60
H20 + 0.46 1.66 0.78 0.96 2.10 - - - 0.73
»2°- 0.05 0.06 - - - - - - 0.72
P2°5 0.09 0.53 - - 0.19 - - - -
TOTAL 100.30 98.86 99.95 99.82 99.97 97.1 96.0 97.7 99.83
* EFe as FeO
1. Armidale, (Binns, 1968) .
2 . Kelly's Point.
3. Iki Island, Japan, average of three unoxidized types from
Aoki (1970) .
4. Kakanui, (Mason, 1965) .
5. Delegate, (Lovering & White, 1969).
6. Green, T. & Ringwood, 1967. 9kb, 1040°C, Wet run on high-
A1 quartz tholeiite.
7. Green, T. & Ringwood, 1967.lOkb, 960°C, wet run on high-
Al quartz tholeiite.
8. Green, T. & Ringwood, 1967.lOkb, 920°C, wet run on high-
Al quartz tholeiite.
9. Arizona (Mason, 1968).
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ratio and that increase in pressure results in a decrease of
VIthe Mg/Mg + Fe ratio and an increase in Al and Ti in 
experimentally produced amphiboles. (The amphibole synthes­
ized at 8kb and 1050°C contained 5.5% TiO . )
Therefore, an increase in pressure has the effect of 
increasing the ilmenite components incorporated in the 
amphibole lattice. This provides an explanation of the 
abundant exsolved rods and lamellae of ilmenite within the 
amphibole from Kelly's Point, their formation being due to 
the rejection of Ti and Fe from the crystal lattice under 
low P conditions. This also implies that the original 
amphibole did not crystallize in situ but at depth. Further­
more, the residual amphibole must be relatively richer in 
silica as AlIV would move into 6-fold coordination in the 
Y site to take the place of Ti and F e , being itself replaced 
in the Z site by extra silica. This may explain the 
presence of corundum in the plagioclase of the anorthositic 
inclusions according to the reaction :-
CaAl Si 0 + CO ---- > 2SiO (to amphibole)Z Z o Z Z
+ Al2 O ^ (corundum) + CaCO^.
It will be seen from Tables 21 and 22 that each of 
the amphiboles has a relatively high TiO^ content/ AlIV is 
very close to or exceeds the theoretical limit of 2 atoms
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per formula unit and A1VI is close to or in excess of 0.5 
atoms per formula unit. These are all features indicative 
of a high P/T environment for their formation.
Experimental work on the stability fields of amphi- 
bole at high pressures (Nishikawa & Kushiro, 1967; Green,T. 
& Ringwood, 1967) , indicate that they are stable at 9 to 
12 kb and about 1000°C; the experimentally derived amphi- 
boles at these pressures and temperatures (analyses 6, 7
and 8, Tables 21 and 22), are comparable to the naturally 
occurring types which are found as inclusions in alkaline 
rocks. The low Si activity in alkaline magmas may allow 
more Ti to enter the amphibole at lower pressures since 
more A1 is likely to enter four-fold coordination and Ti 
will preferentially enter 6-fold sites to obtain charge 
balance.
Ano rthosite
The anorthosite nodules and plagioclase xenocrysts 
from the Kelly's Point dykes also show features compatible 
with their formation at depth. No occurrences of anorthos­
ite are known within 1000km of the Moruya region and the 
Kelly's Point material must obviously have been derived 
from depth. The presence of rod-like inclusions of ilmen- 
ite, hematite or rutile in the anorthosite plagioclase,
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necessitates high temperatures for the formation of the 
original feldspar (Anderson, 1966; Buddington & Lindsley,
1964). Anorthosite inclusion (KPI-6) also contains inter­
stitial reddish-brown amphibole with abundant rods and 
granules of exsolved ilmenite - exactly the same as in the 
amphibole megacrysts - once more indicating a high P/T 
environment for their formation.
The coexistence of discreet magnetite and ilmenite
grains with the interstitial amphibole may be used to fix
a lower temperature limit for their formation and to provide
an estimate of oxygen fugacity . According to Buddington &
Lindsley (1964), the coexisting magnetite and ilmenite from
all anorthosites they studied, have an estimated temperature
of formation of about 700°C at an oxygen fugacity of 10 ^
_ 18to 10 bars. Carmichael ( 1967) , estimates temperatures of 
875°C to 1000°C and an oxygen fugacity of 10 0 to 10  ^ bars 
for magnetite and ilmenite coexisting with amphibole.
The Kelly's Point anorthosite also contains garnet 
with a relatively high almandine content (almandine compon­
ent 65%). Garnet-bearing anorthositic rocks have been 
described from the Barton deposit in the Adirondacks, (Shaub, 
1949; Levin, 1950). Levin (op.cit.) considered that the 
garnets were formed by metamorphism of the host rock by 
intrusive syenite magma. All the garnets examined which
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have similar almandine/pyrope component ratios to the Kelly's
Point type are believed to be derived from anorthositic
rocks which have undergone metamorphism to amphibolite
facies grade. Thus, if the garnet is produced by metamor-
phic effects in the assemblage hornblende + plagioclase +
garnet then P must have been relatively high and Turner &
H 2 0
Verhoogen (1960) consider that the necessary P/T conditions 
would be from 550°C to 750°C and 4kb to 8 kb. Thus, if the 
garnets from Kelly's Point were formed in this way then the 
assemblage plagioclase + garnet + hornblende was produced at 
shallower crustal levels than the spinel pyroxenite.
Velocity of intrusion and its implications
Megacrysts in any alkaline province are never very 
abundant and are usually confined to a single small flow, 
dyke or breccia pipe where they may be locally abundant but 
where the major portion of the inclusion-bearing rock is 
barren or only sparsely populated with megacrysts.(c .f.
Binns (1969) , who considers that the abundance of megacrysts 
at one end of the Armidale flow is consistent with its close­
ness to the magma vent.)
At the same time, it seems reasonable to postulate 
that the inc1usion-bearing magma was intruded or extruded 
very rapidly and in pulses, to account for the transportation
L 0 5
of the large inclusions which obviously had a higher density 
than the enclosing volati1e-rich magma and to explain the 
concentration of inclusions in one relatively small portion 
o f th e ho s t .
With closely spaced magma pulses it is conceivable 
that the final magma portion would be rapidly intruded along 
lubricated channels, carrying with it a high concentration 
of large single crystals. In the case of the Kelly's Point 
dyke K P 2 , emplacement of the inclusion-bearing magma must 
have been very rapid when the size of some of the inclusions 
is considered. (For example, anorthosite and anorthositic 
gabbro up to 10cm in size.) This also explains the presence 
of relatively unaltered xenocrysts, as they would have been 
quenched very quickly (c.f. Binns et al ., 1970), and the
absence of chilled margins between successive magma pulses.
An estimation of the velocity of intrusion of the 
inclusion-bearing dykes from Kelly's Point can be made 
using the size and density of the various inclusions 
together with an estimation of the density and viscosity of 
the enclosing fluid.
Although Jaeger & Joplin (1955) consider that Stoke's 
Law does not hold for large diameters, there is still an
increase in fall velocity with size.
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At Kelly's Point it is considered that the fall
velocity (and thus the minimum rate of upward movement) of
the smaller, denser inclusions (e.g. garnet) should be in
reasonable agreement with the larger, less dense inclusions
(e0g. anorthosite). Pyroxenite inclusions have been used
for intermediate size and density.
Considering the basicity of the host melt (~ 5 0 % SiO^)
and the high volatile content (4-5%) , a density for the
melt of 2.6 was chosen which is considered to be an upper
3limit, and a viscosity of 10 poises (Clark, 1966; Skinner, 
1966) .
Using Stoke 1s Law for a first approximation of rates 
of fall of inclusions which will give a minimum value for 
velocity of intrusion, the following values were obtained:-
1. Garnet inclusion where radius = 1cm and density = 4.0
velocity of fall = 103.0km per year.
2. Pyroxenite inclusion where radius = 2.5cm and density =
3.1
velocity of fall = 214.2km per year.
3. Anorthosite inclusion where radius = 5cm and density =
2.7
velocity of fall = 173.3km per year.
On the basis of these approximate figures and con­
sidering that the value obtained for the pyroxenite is a
minimum as the presence of abundant spinel (D 4.0) was not
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taken into account, then the value of 214.2km/year for the 
pyroxenite is the velocity required for the speed of the 
intrusion to just balance the fall of the pyroxenite. Thus 
a value higher than this is required to emplace the inclus­
ions at Kelly's Point.
If it is accepted that at least some of the inclusions 
were brought to their present position from a depth of about 
30km, then the time required for emplacement would have been 
a maximum of 1.7 months.
The distribution of inclusions in the Kelly's Point 
dyke may be significant when considering the method and 
order of emplacement. Of the lamprophyre dykes, KPlA con­
tains abundant plagioclase xenocrysts only, KPlB contains 
rare, large inclusions of garnet and anorthositic gabbro,
KP2 contains abundant inclusions in one portion with only 
sparsely distributed types in the remainder and KP4B con­
tains abundant plagioclase xenocrysts at the centre and rare 
garnet xenocrysts.
If the mechanism of magma emplacement by pulses is 
correct then the relatively early lamprophyric dykes would 
not be expected to contain many or any xenocrysts. However 
KP1A and KP4B contain abundant plagioclase xenocrysts at 
their centres and rarer garnets, suggesting that these 
xenocrysts may have been derived during their ascent from a
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garnet-bearing anorthosite.
On the other hand, KPlB, although emplaced before 
KP 1A (Figure 5) , contains only rare inclusions of garnet 
and anorthositic gabbro perhaps because the country rock 
lining the conduit had not undergone much disintegration 
at this stage. KP2 was probably intruded in short pulses 
after the other lamprophyric dykes.
Models for the formation of inclusions and host rocks
It has been shown (Table 18), that a feasible parent­
al composition can be derived by combining the composition 
of the host rock for the Kelly's Point inclusions with that 
of the spinel pyroxenite in the ratio of 70:30 and that this 
hypothetical parent is not very different if the composition 
is derived by using all the inclusions in the proportions 
of their estimated abundances.
The derived composition is closer to an alkali basalt 
than a hawaiite. It is thus possible that the spinel pyrox­
enite inclusions from Kelly's Point crystallized from an 
alkali basalt magma at about 30km (Green & Ringwood, 1967, 
p. 140). On the other hand, an attempt to derive a feasible 
parental composition by combining the porphyrite composition 
with that of the spinel pyroxenite in varying proportions 
resulted in impossible parental types.
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At Kelly's Point it is not clear whether the large 
and relatively abundant spinels (3-20%) have exsolved from 
the clinopyroxene or whether the two minerals represent 
simultaneous crystallization. Although spinel euhedra 
occasionally occur along (100) directions of the clino­
pyroxene, they usually have a random orientation and are 
more generally concentrated around the margins and along 
fractures (Figure 14).
Most authors agree that rocks carrying spinel 
pyroxenite inclusions have been intruded very rapidly 
because of the absence of marked reaction rims and exsol­
ution textures (Bultitude & Green, 1967; Binns et al . , 1970) ,
thus inferring that the inclusions have been quenched from 
a higher temperature. This could indicate that the spinels 
have not exsolved from the clinopyroxene, although Green & 
Ringwood (1967) suggest that an undersaturated olivine-rich 
magma will fractionally crystallize sub-calcic, high-Al 
clinopyroxene at 13-18kb which will exsolve Al^O^ as spinel 
at slightly lower temperatures. To enable spinel to become 
a liquidus phase with high pressure aluminous clinopyroxene, 
Binns et al ., (1970) consider that the residual liquid would
need to retain an adequate level of undersaturation.
If Binns et a l ., (1970) are correct in concluding
that the large single crystals of spinel and aluminous
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clinopyroxene from New England alkaline basaltic rocks have 
crystallized at the same time, then the Kelly's Point 
material must represent simultaneous crystallization.
Two models are proposed to account for the observed 
mineralogy and chemistry of the Kelly's Point dykes and 
inclusions using the derived parental composition in Table 
18 .
MODEL 1
(a) An alkali basaltic magma near the base of the crust at 
pressures of about lOkb, crystallizes spinel and pyroxene 
forming a spinel pyroxenite accumulate. The derivative 
liquid is close to a high-Al hawaiite in composition.
(b) Ascent of the derivative liquid to about 15km (about
5kb) where plagioclase is now the liquidus phase: it was
supressed at lOkb (c.f. the behaviour of the alkali basalt 
composition studied by Green, Green & Ringwood, 1967). 
Crystallization of abundant plagioclase gives rise to 
anorthosite accumulates. The expected composition of 
plagioclase crystallizing from a hawaiite is near An ^ .
Green, Green and Ringwood (1967) show that liquidus 
plagioclase is followed by olivine in the low pressure 
crystallization sequence of an alkali basalt composition. 
This could account for the rare olivines at Kelly's Point 
although a composition near Fo is more iron-rich than that
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expected to crystallize from a hawaiite« On the other hand, 
an olivine of this composition could give a garnet of the 
appropriate composition by sub-solidus reaction with 
plagioclase according to the reaction :- 
(Mg,Fe)2Si04 + C a A ^ S i ^   > ( Mg , Fe ) 2 CaAl 2 S i gO ± 2
(Fa,n) (almandine..)6 0 6 U
(c) Continued plagioclase crystallization at these lower 
pressures increases the equilibrium water pressure of the 
magma to such a value that kaersutitic pargasite can 
crystallize.
(d) The final stage is reached when the magma acquires 
such a level of instability due to oversaturation and 
separation of volatiles, that rapid intrusion occurs, with 
the volatile-charged magma carrying with it inclusions 
from the whole magma column.
MODEL 2
(a) A quartz-diorite magma similar to that erupted in the 
Moruya complex, is fractionated at about 25km to produce an 
anorthositic residuum.
(b) The waning of tectonic activity encourages production 
of alkali basalt magma from greater depth which then rises 
to the level of the now consolidated anorthositic complex.
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(c) The anorthositic rocks are metamorphosed by the alkali 
basalt magma to produce some relatively Fe-rich garnet.
(d) Spinel pyroxenite is precipitated from the alkali 
basalt magma at the lower level of the magma chamber (about 
2 5 -3 Okm) .
(e) Increase in volatiles in the upper levels of the magma 
chamber causes the crystallization of kaersutitic pargasite,
(f) Instability due to separation of volatiles causes 
rapid injection of the magma in pulses through the anorthos­
itic complex to the surface; the rapidly moving magma 
carries with it cognate amphibole and spinel pyroxenite 
together with plagioclase and some garnet from the anorthos­
itic rocks.
Although both these models satisfy most of the 
features shown by the inclusion-bearing lamprophyric dykes, 
model 2 fails to explain the genetic relationship between 
anorthosites and spinel pyroxenite which is suggested by 
the occurrence of the rare clinopyroxene + spinel + plagio­
clase + amphibole inclusions.
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POSSIBLE RELATIONSHIPS BETWEEN THE CALC-ALKALINE AND
LAMPROPHYRIC ROCKS
Three possibilities for the relationship between 
the Kelly's Point rock types are:-
1. That the calc-alkaline and lamprophyric rocks 
are genetically related.
2. That the relationship is purely fortuitous.
3. That they are related by the same tectonic 
event but not genetically.
It has already been pointed out that the hypothetic­
al parent derived by combining the porphyrite composition 
with spinel pyroxenite was unacceptable. However, a more 
reasonable composition was obtained with a combination of 
the porphyrite with the kaersutitic pargasite which is 
chemically similar to a hawaiite (Table 23).
However, despite this chemical similarity, it is 
considered on mineralogical grounds that this equivalence 
is purely fortuitous. If the porphyrites were derived in 
this way, then they should contain some xenocrysts of 
amphibole, particularly as the hypothetical parent was 
derived by using 70% of the kaersutitic pargasite, but, as 
pointed out previously, they contain no phenocrysts or
xenocrysts whatsoever.
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TABLE 23
Comparison of a hypothetical parent with a hawaiite and an 
alkali basalt.
1 2 3
Si°2 50.68 49 . 33 49 . 7
Ti°2 2.83 2.31 1.1
A12°3 15.72 16 . 13 17 . 3
Fe2°3 2.32 3.28 5 . 7
FeO 8.18 7.23 6.2
MnO 0.07 0.15 0.1
MgO 7 . 71 7.82 6.1
CaO 8.23 8.13 8.9
Na2° 3 . 34 4 . 32 3 . 3
OCN 0.92 1 . 30 1.6
TOTAL 100.00 100.00 100.00
All analyses calculated to 100% ignoring P^O^. an<3 loss.
1. Hypothetical parent composition derived by combining 
70% kaersutitic pargasite with 30% porphyrite.
2. Hawaiite, Hawaii (Macdonald & Katsura, 1964).
3. Alkali basalt, Lancefield, Victoria (Joplin, 1964).
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As this is the only basis for postulating a genetic 
link between the calc-alkaline and lamprophyric rocks, such 
a relationship is considered unlikely.
Whether the relationship is a purely fortuitous one 
cannot be resolved with any certainty except for the fact 
that many instances have been recorded of the close field 
relationship often noticed between plutonic calc-alkaline 
rocks and lamprophyric and porphyrite dykes in different 
parts of the world (e.g. Joplin, 1966).
The common field relationship noted above suggests 
that the third possibility may be the correct one.
Both models provide an explanation for the occurrence 
and origin of the lamprophyric dykes and their inclusions 
although neither demonstrates any genetic relationship 
between these dykes and the calc-alkaline rocks of the
Moruya Complex.
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